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ABSTRACT
With the increase in global population and rapid industrialization, gigantic amount of
greenhouse gases is being released in the atmosphere each year. The catastrophic effect of this
accumulated greenhouse gas is driving the global climate change and adversely impacting out ecosystem. Popularizing the traditional renewable energy sources (such as - solar and wind energy)
can mitigate the problem by cutting down the anthropogenic CO2 emission, which is the major
contributor to this global problem. However, the intermittent nature of these energy sources is
problematic to reliably power the society throughout the year. Therefore, by converting CO2 to
various value-added chemicals with the aid of renewable energy sources not only gives a
sustainable solution in storing the energy into chemical bonds which could be used to power the
society in due course, but also helps closing the carbon cycle to lower the accumulated CO2 in
atmosphere. However, the main hurdle is to design suitable, robust, and inexpensive catalysts
which can facilitate this transformation with high efficiency and selectivity at near-thermodynamic
potential of these reactions. The work presented here focuses on two different aspects of transitionmetal mediated catalytic conversion of CO2 to value-added fuels. In the first part, secondcoordination sphere of a well-known system, fac-M(bpy)(CO)3X (here M = Re, Mn; and X = Cl,
Br), was modified by hydrogen-bond donor groups. The effects of these functional groups on
catalytic CO2 reduction relative to the parent complexes were thoroughly studied. In the later part,
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isomeric anthracene bridged dinuclear Re complexes were synthesized and studied for
electrochemical and photochemical reduction of CO2. Herein, the isomeric complexes were seen
to catalyze electrochemical CO2 reduction in two different pathways: namely - cooperative
bimetallic and single-site monometallic pathway. However, photochemically both the isomers
performed identically, proving the fact that activation of CO2 is achieved through the same
pathway for both the complexes.
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CHAPTER 1
INTRODUCTION

1.1 Global energy uptake and associated CO2 accumulation in atmosphere
The 19th century marks the inception of the industrial revolution and global energy demand
has been steadily skyrocketing ever since. Exponential population growth, advancement in
industrial technologies, and improved standard of living are also contributing to the rapid rise of
global energy intake. In 2013, the total energy consumption of the world reached 18 TW, which is
predicted to rise by more than 50% by 2040.1

Figure 1. Global direct primary energy consumption by fuel type from 1800 to 2019. Source: Our World In Data (a
project of the Global Change Data Lab)2

1

Fossil fuels are dominating as the major supplier of the global energy demand, which
contributes more than 85% of the total consumption. Nuclear energy (4.9%), hydroelectric power
(3.9%) and other renewable energy sources (wind, solar, biofuels etc.) are only the minor
contributing sources towards global energy uptake.
As the civilization relies on fossil fuels more than ever, rapid depletion of this traditional
sources of energy left the world horrified for a dystopic future. Moreover, the product of fossil fuel
combustion is carbon dioxide (CO2), which is a major greenhouse gas. This non-toxic gas is
unequivocally important for various biogeochemical processes and for sustaining life on earth by
regulating the atmospheric temperature. However, the massive anthropogenic CO2 production
offsets the intake of CO2 by photosynthetic procedures and oceanic dissolution and disrupt the
balance of natural carbon cycle. This ultimately results in a huge accumulation of CO 2 in
atmosphere. Current CO2 concentration in atmosphere has surpassed the critical 400 ppm limit,
which sets the Anthropocene era, a period where human activity is the major influencing factor for
global climate calamities such as global warming, and ocean acidification.3
One plausible solution of this catastrophic problem is diminishing the reliance on the fossil
fuels and maintaining the efforts to harness energy from renewable energy sources. However, the
renewable energy sources are intermittent and geographically diffused, which cause major setback
to adopt them as the primary source of energy.
1.2 CO2 reduction to close carbon cycle
CO2 is a cheap and abundant C1 feedstock and it can be converted to useful commodity
chemicals with the aid of renewable energy. This marks an easy and useful solution in storing the
2

renewable energy in chemical bonds and helps alleviating the increasing concentration of CO2 in
atmosphere by closing the carbon cycle.
However, to employ CO2RR in an industrial scale, several challenges are needed to be
addressed first. 1 e- reduction of CO2 to the bent radical anion (CO2●−) is associated with a large
overpotential, which can be avoided by proton-coupled electron transfer process mediating lower
energy intermediates to achieve desired products.4 Also, the competing proton reduction can
significantly lower the efficiency of the process since the proton concentration in the reaction
medium is generally kept at large. Therefore, while designing suitable catalysts for CO2RR, the
main considerations will be to design a low-cost, very selective catalyst which can convert CO2 to
commodity chemicals at lower energy expense.
Table 1. CO2 reduction products and the corresponding potentials5,6

a

Reduction of CO2

E0, V (vs NHE)a

CO2 + e− → CO2● −
CO2 + 2 H+ + 2 e− → CO + H2O
CO2 + 2 H+ + 2 e− → HCOOH
2CO2 + 2 H+ + 2 e− → H2C2O4
CO2 + 4 H+ + 4 e− → HCHO + H2O
CO2 + 6 H+ + 6 e− → CH3OH + H2O
CO2 + 8 H+ + 8 e− → CH4 + 2 H2O
2 H+ + 2 e− → H2

-1.90
-0.53
-0.61
-0.50
-0.48
-0.38
-0.24
-0.42

pH 7 in aqueous solution versus NHE, 25°C, 1 atmosphere gas pressure, and 1 M for the other solutes.

1.3 Molecular electro- and photocatalysts for CO2RR
Catalysts employed for CO2RR can be classified in to two broad categories; a)
Homogeneous catalysts: where the substrate and the catalysts are in the same phase, typically in
the liquid phase; b) Heterogenous catalysts: where the substrate and catalysts are in different
3

phases, typically heterogenous catalysts are deposited onto a solid support (for electrocatalysis, it
is generally onto an electrode). Both the systems have its fair share of advantages and
shortcomings.
Generally, heterogeneous systems have better longevity, higher thermal stability, and
better efficiency compared to its homogeneous counterparts. In terms of separation, heterogeneous
catalysts can be easily removed from the reaction medium and recycled repetitively. However, the
heterogenous catalysts suffers from poor selectivity in comparison to homogeneous systems. Also,
the performance of the homogeneous systems can be precisely tuned by structural and electronic
manipulation. The mechanistic aspects of catalysis play a critical role to design a more effective
catalyst for CO2RR. The well-defined structural aspect of homogenous systems makes them ideal
candidates to gain fundamental knowledge about the underlying mechanisms of CO2RR. Thus,
they are more promising candidates for rationally designing better contenders for the same
application.
In electrochemical CO2 reduction, a three-electrode set-up has been used: 1) Working
electrode or cathode where the reduction process happens by the electrons supplied by the
electrode; 2) Counter electrode or anode; and 3) reference electrode, which measures the potential
of working electrode without passing any current. The homogenous catalysts are generally
dissolved into a solution with the supporting electrolyte and the substrate (CO2). Once the suitable
potential is applied electrons are transferred from the working electrode to form the reduced
catalyst which then transfers the electrons to the substrate (CO2) to generate desired products.

4

Figure 2. Simplified working mechanism of an electrocatalytic system (Reprinted with permission from
Organometallics 2014, 33, 18, 4550. Copyright 2014 American Chemical Society)7

The photochemical CO2 reduction can be achieved in two ways: 1) In case of non-sensitized
catalysis the catalyst itself harness the driving force from solar irradiation and facilitate the
reduction process, whereas in 2) sensitized catalysis an external photosensitizer is employed to
absorb the photons from the sunlight. The photosensitizers reach excited states after absorbing
photons of appropriate energy. The excited photosensitizers then get quenched by sacrificial
electron donors in the system and transfers the electron to the catalyst to initiate CO2 reduction.

Figure 3. Non-sensitized and sensitized photocatalytic CO2 to CO reduction by a molecular catalyst (Reprinted with
permission from Inorg. Chem. 2016, 55, 682. Copyright 2016 American Chemical Society). 8

5

A homogeneous catalyst can be organic, organometallic complexes or enzymes. Transition
metal complexes have been studied rigorously for electro- and photocatalytic CO2 reduction for
several decades.4–6,9 These systems can be classified into two major categories based on the ligand
framework: 1) Transition metal complexes with macrocyclic ligand framework,10–12 and 2)
Transition metal complexes containing polypyridyl ligands.9,13,14 In this work, we have mainly
focused our attention towards studying molecular organometallic rhenium and manganese
complexes with polypyridyl ligands to achieve enhanced electro- and photoreduction of CO2.

Figure 4. Examples of two major types of homogeneous transition-metal based catalysts: A) catalysts supported by
polypyridyl ligand,13 B) catalysts supported by macrocyclic ligands.11

1.4. Scope of this thesis
Group 7 metal carbonyl complexes, mainly fac-Re(bpy)(CO)3Cl and fac-Mn(bpy)(CO)3Br
are well-studied molecular catalysts which facilitate electrochemical and photochemical reduction
of CO2 with high efficiency and good selectivity to produce CO and/or HCOOH.15–17 However,
they operate at a significantly higher overpotential to carry out this conversion. In the first part of
this thesis, we have demonstrated the effect of a second-coordination sphere hydrogen bond
donating group in CO2 reduction catalysis relative to the unsubstituted catalyst. A pendant aniline
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group was installed in the 6- position of the bipyridyl moiety of the fac-Re(bpy)(CO)3Cl and facMn(bpy)(CO)3Br and by systemically altering the position of the amine moiety at -ortho, -meta
and -para position, a series of positional isomers have been generated. A structure-activity
relationship was established in both the system by studying the CO2RR activity of these positional
isomers (separately for Re and Mn systems) relative to the parent catalyst and it was supplemented
by in-situ spectrochemical measurements.

Figure 5. The novel series of rhenium and manganese bipyridyl catalysts with second-sphere amine group at A) ortho, B) -meta, and C) -para position.18,19

In the later part of the thesis, the electrochemical and light driven CO2RR activity of rigid
anthracene bridged dinuclear Re catalysts have been reported. fac-Re(α-diimmine)(CO)3Cl
systems are extensively studied in the literature, however, dinuclear Re systems are relatively less
explored avenue. CO2RR is a multi-proton multi-electron process, and it is kinetically difficult to
arrange multiple redox equivalents in a single site. Dinuclear system can aid by providing multiple
redox equivalents to reduce one molecule of CO2. However, the beneficial approach of having
multiple metal centers in close proximity is dubious in Re(bpy) systems as both the “one-electron
bimetallic pathway” and “two-electron monometallic pathway” can occur. Therefore, it is
important to gain deep understanding of the insights and differences between these two pathways
to design suitable catalysts to obtain better efficiency, faster rate, and durability.
7

Figure 6. The novel dinuclear rhenium-bipyridyl catalysts studied in this work for electro- and photochemical CO2
reduction20,21

Herein, two isomeric rigid anthracene bridged dinuclear Re complexes has been
synthesized and observed to catalyze CO2 to CO conversion in two different mechanisms. The CisRe2Cl2 activates CO2 in bimetallic cooperative fashion, whereas the Trans-Re2Cl2 isomer operates
in single-site bimolecular pathway. Cis-Re2Cl2 has demonstrated faster and durable catalysis
towards CO2 reduction proving the efficacy of cooperative activation of CO2 over the single site
pathway. Furthermore, the activity of these systems towards photochemical CO2 reduction have
also been studied. The photochemical performance of this system has further been enhanced by
extending the π-conjugation and making the polypyridyl ligand coplanar to the rigid anthracene
moiety.
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CHAPTER 2
ENHANCED ELECTROCHEMICAL CO2 REDUCTION BY A SERIES OF MOLECULAR
RHENIUM CATALYSTS DECORATED WITH SECOND-SPHERE HYDROGEN-BOND
DONORS

Adapted with the permission from Talukdar, K.; Sinha Roy, S.; Amatya, E.; Sleeper, E. A.; Le
Magueres, P.; Jurss, J. W. Inorg. Chem. 2020, 59, 6087. DOI: 10.1021/acs.inorgchem.0c00154

Copyright © 2019 American Chemical Society.
(See appendix for permission license)

Preface regarding contributions from researchers other than Sayontani Sinha Roy:
Kallol Talukdar and Eva Amtya have synthesized the ligands and the Rhenium complexes. Kallol
Talukdar also helped in doing the IR-SEC studies of all the complexes. Elizabeth Sleeper assisted
in collecting the IR-SEC data.

A series of rhenium(I) fac-tricarbonyl complexes containing pendent arylamine
functionality in the second coordination sphere have been developed and studied as
9

electrocatalysts for carbon dioxide (CO2) reduction. Aniline moieties were appended at the 6
position of a 2,2′-bipyridine (bpy) donor in which the primary amine was positioned at the ortho(1-Re), meta- (2-Re), and para- (3-Re) sites of the aniline substituent to generate a family of
isomers. The relationship between the catalyst structure and activity was explored across the series,
and the catalytic performance was compared to that of the benchmark catalyst Re(bpy)(CO)3Cl
(ReBpy). Catalysts 1-Re, 2-Re, and 3-Re outperform the benchmark catalyst both in anhydrous
acetonitrile and with added trifluoroethanol (TFE) as an external proton source. In the presence of
TFE, the aniline-substituted catalysts convert CO2 to carbon monoxide (CO) with high Faradaic
efficiencies (≥89%) and have superior turnover frequencies (TOFs) relative to ReBpy (72.9 s−1),
with 2-Re having the highest TOF of the series at 239 s−1, a value that is twice that of the next
most active catalyst. TOFs of 123 and 109 s−1 were observed for the ortho- and para-substituted
aniline complexes (1-Re and 3-Re), respectively. Indeed, catalytic activities vary widely across
the series, showing a high sensitivity to the position of the amine functionality relative to the
rhenium active site. IR and UV−vis spectroelectrochemical experiments were conducted on the
aniline-substituted systems, revealing important differences between the catalysts and mechanistic
insight.
2.1 INTRODUCTION
Global energy consumption continues to increase with ∼80% of this energy sourced from
nonrenewable fossil fuels. The combustion of fossil fuels releases airborne pollutants and copious
amounts of carbon dioxide (CO2) into the atmosphere, which has contributed to climate change
and other environmental problems.22–24 Indeed, CO2 is a greenhouse gas whose atmospheric
concentration has risen to levels not seen in at least 800,000 years.25 Renewable energy sources
offer a clean alternative to fossil fuels, but they are intermittent and geographically diffuse. Thus,
10

energy storage is required to power society night and day and to meet the energy demands of dense
population centers. To address this challenge, renewable electricity can be converted into chemical
energy by reducing CO2 into energy-rich fuels (or fuel precursors) as part of a closed carbon
cycle.4,26 However, large overpotentials are often required to overcome activation barriers for CO2
conversion, and more efficient catalysts are needed to effectively reduce CO2 into value-added
products.
The direct one-electron reduction of CO2 to the highly energetic CO2•− radical anion can
be circumvented with catalysts capable of mediating lower-energy multielectron/ multiproton
processes. However, product selectivity is also required in the presence of a proton source where
hydrogen evolution is often a competing side reaction that reduces efficiency.9 The development
of well-defined homogeneous electrocatalysts for reducing CO2 at a low overpotential and with
high product selectivity is still a significant scientific challenge.4–6
Nature achieves catalytic reactions with high efficiency and selectivity by employing
tightly regulated environments within metalloenzymes. Metalloenzymes such as Ni,Fe-carbon
monoxide dehydrogenase27 and formic acid dehydrogenase28 are known to efficiently catalyze CO2
reduction to carbon monoxide (CO) or formate through cooperative bimetallic CO2 activation
and/or by stabilization of a metal carboxylate intermediate with optimally positioned amino acid
residues in the second coordination sphere of the active site. Noncovalent second-coordination-

Figure 7. Structures of the novel Re-bipyridyl catalysts studied in this work.

11

sphere interactions are recognized for their importance in directing multielectron/multiproton
catalysis.26,29 Synthetically, noncovalent interactions are difficult to harness in a reliable manner,
often causing unwanted structures and perturbation of function.30–32 Significant effort continues to
be exerted by the scientific community to append second-sphere functionality onto the ligand
framework of catalysts to provide specific and reproducible intramolecular interactions to improve
catalyst performance. Inspired by nature, a variety of synthetic systems have been developed with
different functional groups in the secondary coordination sphere of the catalytic active site.29 Iron
porphyrin complexes decorated with phenolic10 or quaternary ammonium33 groups are prototypical
examples that have dramatically improved the performance metrics for electrocatalytic CO2
reduction relative to the parent catalyst, both thermodynamically and kinetically.
From their inception, fac-Re(bpy)(CO)3Cl (ReBpy) catalysts have gained considerable
attention due to their exceptional selectivity toward CO2 reduction over proton reduction.15,34,35
Efforts have been made to enhance the activity of this class of catalysts by incorporating thiourea,36
imidazolium,37 hydroxyl,38 and amine39 functionalities as well as variable peptide linkages40 into
the second coordination sphere. We note that bimetallic complexes with well-defined distances
between Re(bpy) units have also been synthesized to access cooperative modes of CO2 activation
and/or to accumulate multiple reducing equivalents to enhance the multielectron reduction of
CO2.20,21,41
In this work, we sought to investigate the effect of pendant aniline groups on catalytic CO2
reduction in a series of substituted Re(bpy)(CO)3Cl compounds (Figure 7). By systematically
altering the position of the primary amine on the aniline moiety at the 6 position of each 2,2′bipyridine donor, we have developed a series of positional isomers to correlate the reactivity of
each catalyst with the distance between the pendant amine and rhenium active site.
12

2.2 EXPERIMENTAL SECTION
Materials and Methods. All synthetic manipulations were carried out under nitrogen
atmosphere using an MBraun glovebox or standard Schlenk techniques. Freshly distilled 1,4dioxane and acetonitrile (CH3CN) were used for synthesis and electrochemistry. Dichloromethane
and toluene were dried with a Pure Process Technology® solvent purification system. Water was
purified with a Barnstead NANOpure Diamond water purification system.
Rhenium(I)

pentacarbonylchloride

was

purchased

from

Acros

Organics.

Tetrakis(triphenylphosphine)palladium(0) was purchased from Chem-Impex International Inc. 3Aminophenylboronic acid and 4-aminophenylboronic acid hydrochloride were obtained from
Combi-Blocks Inc. 2-Aminophenylboronic acid pinacol ester was obtained from Boron Molecular.
All other chemicals and solvents were reagent or ACS grade, purchased from commercial vendors,
and used without further purification. 1H and
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C NMR spectra were obtained using Bruker

spectrometers operating at 300 or 400 MHz (1H) and 75 or 100 MHz (13C). Spectra were calibrated
versus residual protiated solvent peaks and chemical shifts are reported in parts per million (ppm).
High-resolution electrospray ionization mass spectra (HR-MS) were obtained with a Waters
SYNAPT HDMS Q-TOF mass spectrometer. Gas samples were analyzed by a custom Agilent
7890B Gas Chromatograph (Agilent PorapakQ column, 6 ft, 1/8 in. OD) with a dual detector
system (TCD and FID). Ultra-High Purity (UHP) Nitrogen (nexAir LLC) was used as the carrier
gas. Calibration curves for the observed gases were prepared from commercial standards of known
concentration obtained from buycalgas.com. Elemental analyses of carbon, hydrogen, and nitrogen
were conducted by Atlantic Microlab, Inc., Norcross, Georgia.
X-Ray Crystallography. A single crystal of 1-Re was coated with a trace of Fomblin oil
and transferred to the goniometer head of a Bruker Quest diffractometer with a fixed chi angle, a
13

sealed tube fine focus X-ray tube, single crystal curved graphite incident beam monochromator,
and a Photon100 CMOS area detector. Likewise, a single crystal of 2-Re was secured to a fiber
loop micromount using Paratone oil and transferred to the goniometer head of a Rigaku XtaLAB
Synergy-S X-ray diffractometer equipped with a HyPix-6000HE hybrid photon counting (HPC)
detector and a microfocused X-ray source. Both instruments were equipped with an Oxford
Cryosystems low temperature device. Examination and data collection were performed with Mo
Kα radiation (λ = 0.71073 Å) at 150 K (1-Re) or 100 K (2-Re). For 1-Re, data were collected,
reflections were indexed and processed, and the files scaled and corrected for absorption using
APEX3.1 The space groups were assigned and the structures were solved by direct methods using
XPREP within the SHELXTL suite of programs42 and refined by full matrix least squares
against F2 with all reflections using Shelxl201843 using the graphical interface Shelxle.44 If not
specified otherwise, H atoms attached to carbon atoms were positioned geometrically and
constrained to ride on their parent atoms. C-H bond distances were constrained to 0.95 Å for
aromatic C-H moieties. Uiso(H) values were set to a multiple of Ueq(C) with 1.2 for C-H units. Data
processing for 2-Re was performed with CrysAlisPro.45 Using the SCALE3 ABSPACK scaling
algorithm, empirical and numerical (Gaussian) absorption corrections, determined via face
indexing in CrysAlisPro, were applied to the data. The structure was solved via intrinsic phasing
methods using ShelXT and refined using ShelXL in the Olex2 graphical user interface.46,47 The
final structural refinements included anisotropic temperature factors on all non-hydrogen atoms.
All hydrogen atoms were placed according to their electron density Q-peak and refined as free
atoms for 2-Re.
Complete crystallographic data, in CIF format, have been deposited with the Cambridge
Crystallographic Data Centre. CCDC 1976889 (1-Re) and 1976890 (2-Re) contains the
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supplementary crystallographic data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Electrochemical Measurements. All cyclic voltammetry experiments were performed
with a three-electrode setup using a CH Instruments 600E Series potentiostat. Ohmic drop was
compensated using the positive feedback compensation implemented via the potentiostat. The
electrochemical cell was equipped with a glassy carbon disk working electrode (3 mm diameter,
Bioanalytical Systems, Inc.), a platinum wire counter electrode, and a silver wire quasi-reference
electrode. Acetonitrile solutions containing 0.1 M n-tetrabutylammonium hexafluorophosphate
(Bu4NPF6) as the supporting electrolyte were used in all studies as specified. Ferrocene was added
at the end of experiments and served as an internal standard to reference the potential.
Electrochemical cells were thoroughly degassed with N2 or CO2 for 10 to 20 minutes prior to each
experiment. Solutions were freshly prepared before each experiment. Controlled potential
electrolyses (CPE) were conducted in an airtight two-compartment cell with a glassy carbon rod
working electrode (type 2, Alfa Aesar, 2 mm diameter), a silver wire quasi-reference electrode,
and a high-surface area platinum mesh counter electrode. The platinum counter electrode was
positioned inside a small isolation chamber with a fine frit. The isolation chamber contained the
same solution, but without catalyst. The electrolysis solution in the working electrode
compartment was continuously stirred during experiments. The headspace of the airtight cell was
periodically sampled by taking aliquots using a sealable gastight syringe and injecting into the gas
chromatograph. The electrolyzed solution was analyzed after the experiment for liquid and
solvated products.
Infrared Spectroelectrochemical (IR-SEC) Measurements. IR-SEC measurements
were performed using an Optically Transparent Thin-Layer Electrode (OTTLE) cell purchased
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from Bio-Logic Science Instruments.48 The cell is comprised of CaF2 windows, and an electrode
assembly featuring Pt minigrid working and counter electrodes and a Pt wire pseudo-reference
electrode. The OTTLE cell was filled with thoroughly degassed 2.5 mM catalyst solution in
CH3CN/0.1 M Bu4NPF6 under inert conditions, sealed from the atmosphere, and placed in a Bruker
Tensor 27 FT-IR spectrometer. A potentiostat was used to perform cyclic voltammetry and bulk
electrolyses in the cell, and the respective changes in solution were monitored by FT-IR
spectroscopy. The reported spectra were obtained by performing short-term bulk electrolysis (>
60 sec) at different regions of the cyclic voltammogram.
UV-Vis Spectroelectrochemical (UV-Vis SEC) Measurements. UV-Vis SEC
measurements were performed in a Honeycomb thin-layer spectroelectrochemical cell purchased
from Pine Research Instrumentation. The cell consists of a thin-layer quartz cuvette, a honeycomb
electrode card composed of onboard Au working and Pt counter electrodes, and a Ag wire quasireference electrode. The cell was filled with freshly made 0.5 mM catalyst solution in CH3CN /
0.1 M Bu4NPF6, which was thoroughly purged with N2 and sealed from atmosphere prior to each
experiment. The cell was then placed in an Agilent Technologies Cary 8454 UV-Vis
Spectrophotometer equipped with a diode-array detector. A potentiostat was connected to the cell
to perform CVs and bulk electrolyses while monitoring spectral changes in the solution by the UV
Vis spectrometer. The reported spectra were obtained by performing short-term bulk electrolyses
(> 120 sec) at different potentials based on the cyclic voltammogram.
Synthesis of the Ligands. Ligand precursor 6-bromo-2,2′-bipyridine was synthesized
according to literature procedures.49 Ligands L1, L2, and L3 were prepared following modified
literature procedures.20,50
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2-([2,2'-bipyridin]-6-yl)aniline, L1. A two-neck round bottom flask was equipped with a stir bar
and a reflux condenser. 6-bromo-2,2′-bipyridine (0.250 g, 1.064 mmol), 2-aminophenylboronic
acid pinacol ester (0.233 g, 1.064 mmol), K2CO3 (0.441 g, 3.192 mmol), and [Pd(PPh3)4] (0.062
g, 0.053 mmol) were added to the flask and it was evacuated and refilled with nitrogen three times.
Deaerated dioxane (15 mL) and H2O (1.2 mL) were added to the flask and the mixture was refluxed
for 48 h. Then the reaction mixture was cooled to room temperature and poured on to 100 mL
deionized water. The aqueous solution was extracted with dichloromethane (3 x 25 mL) and
the organic fractions were combined, concentrated under vacuum, and purified by a deactivated
silica column eluting with hexanes/ethyl acetate (4:1). The product was obtained as a light-yellow
oil with 87% yield (0.231 g). 1H NMR (CD3CN, 300 MHz): δ 8.70 - 8.69 (m, 1H), 8.32 (br t, J =
7.74 Hz, 2H), 7.98 (t, J = 7.95 Hz, 1H), 7.91 (td, J = 1.68 Hz, J = 7.68 Hz, 1H), 7.75 (d, J = 7.89

Figure 8. Synthesis of isomeric aniline-substituted bipyridine ligands and their corresponding rhenium tricarbonyl
complexes
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Hz, 1H), 7.58 (dd, J = 1.35 Hz, J = 7.83 Hz, 1H), 7.43 - 7.39 (m, 1H), 7.21 - 7.15 (m, 1H), 6.82
(dd, J = 0.81 Hz, J = 8.08 Hz, 1H), 6.78 - 6.73 (m, 1H), 5.96 (br s, 2H). 13C NMR (CDCl3, 100
MHz): δ 158.93, 156.32, 154.60, 149.47, 146.42, 138.18, 137.11, 130.15, 129.78, 123.89, 122.70,
120.98, 118.68, 118.03, 117.37. HR-ESI-MS (M+) m/z calc. for [L1 + H]+, 248.1188, Found,
248.1173.
3-([2,2'-bipyridin]-6-yl)aniline, L2. A two-neck round bottom flask was equipped with a stir bar
and a reflux condenser. 6-bromo-2,2′-bipyridine (0.250 g, 1.064 mmol), 3-aminophenylboronic
acid (0.146 g, 1.064 mmol), K2CO3 (0.441 g, 3.192 mmol), and [Pd(PPh3)4] (0.062 g, 0.053 mmol)
were added to the flask and it was evacuated and refilled with nitrogen three times. Deaerated
dioxane (15 mL) and H2O (1.2 mL) were added to the flask and the mixture was refluxed for 48
h. Then the reaction mixture was cooled to room temperature and poured on to 100 mL deionized
water. The aqueous solution was extracted with dichloromethane (3 x 25 mL) and the organic
fractions were combined, concentrated under vacuum, and purified by silica gel chromatography
eluting with hexanes/ethyl acetate (4:1). The product was obtained as a brown oil with 82% yield
(0.216 g). 1H NMR (CD3CN, 300 MHz): δ 8.69 - 8.67 (m, 1H), 8.63 (br d, J = 7.98 Hz, 1H), 8.35
(dd, J = 0.78 Hz, J = 7.73, 1H), 7.96 - 7.90 (m, 2H), 7.83 (dd, J = 0.84 Hz, J = 7.86 Hz, 1H), 7.54
(t, J = 1.89 Hz, 1H), 7.45 - 7.38 (m, 2H), 7.24 (t, J = 7.83 Hz, 1H), 6.79 - 6.73 (m, 1H), 4.29 (br s,
1H).
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C NMR (CDCl3, 100 MHz): δ 156.67, 156.58, 155.74, 149.19, 146.97, 140.61, 137.73,

136.98, 129.78, 123.83, 121.49, 120.54, 119.45, 117.50, 116.02, 113.80. HR-ESI-MS (M+) m/z
calc. for [L2 + H]+, 248.1188, Found, 248.1173.
4-([2,2'-bipyridin]-6-yl)aniline, L3. A two-neck round bottom flask was charged with 4aminophenylboronic acid hydrochloride (0.185 g, 1.064 mmol), and NaOH (0.043 g, 1.064 mmol)
before it was evacuated and refilled with nitrogen three times. Then deaerated dioxane (15 mL)
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and H2O (1.2 mL) were added to the flask and the suspension was stirred for 20 minutes at room
temperature. 6-bromo-2,2′-bipyridine (0.250 g, 1.064 mmol), K2CO3 (0.441 g, 3.192 mmol), and
[Pd(PPh3)4] (0.062 g, 0.053 mmol) were subsequently added to the flask against a positive pressure
of nitrogen. The mixture was then stirred at reflux for 48 h. After completion of the reaction, the
mixture was cooled to room temperature and poured on to 100 mL deionized water. The aqueous
solution was extracted with dichloromethane (3 x 25 mL) and the organic fractions were combined,
concentrated under vacuum, and purified by silica gel chromatography eluting with hexanes/ethyl
acetate (1:1). The product was obtained as an off-white solid with 93% yield (0.244 g). 1H NMR
(CD3CN, 300 MHz): δ 8.67 - 8.65 (m, 1H), 8.60 (br d, J = 7.98 Hz, 1H), 8.24 (dd, J = 0.78 Hz, J
= 7.68, 1H), 8.01 - 7.96 (m, 2H), 7.94 - 7.83 (m, 2H), 7.75 (dd, J = 0.81 Hz, J = 7.11 Hz, 1H), 7.41
- 7.36 (m, 1H), 6.79 - 6.74 (m, 2H), 4.42 (br s, 1H). 13C NMR (CDCl3, 100 MHz): δ 156.78, 156.58,
155.55, 149.14, 147.58, 137.63, 136.93, 129.93, 128.25, 123.71, 121.42, 119.22, 118.29, 115.21.
HR-ESIMS (M+) m/z calc. for [L3 + H]+, 248.1188, Found, 248.1174.
Synthesis of the Metal Complexes. Re(bpy)(CO)3Cl was prepared according to a previously
reported procedure.51
Common synthetic procedure. An equimolar amount of the ligand and Re(CO)5Cl were added to
an oven-dried two-neck round bottom flask connected to a reflux condenser. The flask was
evacuated and refilled with nitrogen three times. Anhydrous toluene (12 mL) was added to the
flask via a cannula and the suspension was refluxed for 12 h. The mixture was then cooled to room
temperature and the yellow precipitate was filtered on a glass frit. The precipitate was washed with
a small amount of hexanes and ice-cold dichloromethane, and dried under vacuum.
(2-([2,2'-bipyridin]-6-yl)aniline)Re(CO)3Cl, 1-Re. The complex was prepared from ligand L1
(0.09 g, 0.364 mmol) and Re(CO)5Cl (0.132 g, 0.364 mmol) following the common synthetic
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procedure. X-ray quality crystals were grown from a concentrated acetonitrile solution by slow
diffusion of di-isopropyl ether at -20 °C. Yield = 83% (0.167 g). Elem. Anal. calc. for
C19H13ClN3O3Re: C, 41.27; H, 2.37; N, 7.60. Found: C, 41.13; H, 2.27; N, 7.49. 1H NMR (CD3CN,
300 MHz): δ 9.07 - 9.05 (m, 1H), 8.47 - 8.42 (m, 2H), 8.23 - 8.16 (m, 2H), 7.64 - 7.58 (m, 2H),
7.32 - 7.22 (m, 1H), 7.13 - 7.10 (m, 1H), 6.89 - 6.77 (m, 2H), 4.12 (br s, 2H). HR-ESI-MS (M+)
m/z calc. for [1-Re – Cl–]+, 518.0515, Found, 518.0478. FT-IR (KBr) vCO: 2017, 1917 (br), and
1900 (sh) cm-1.
(3-([2,2'-bipyridin]-6-yl)aniline)Re(CO)3Cl, 2-Re. This complex was prepared from ligand L2
(0.100 g, 0.404 mmol) and Re(CO)5Cl (0.146 g, 0.404 mmol) following the common synthetic
procedure. X-ray quality crystals were grown from a concentrated DMF solution by slow diffusion
of diethyl ether at 8 °C. Yield = 84% (0.187 g). Elem. Anal. calc. for C19H13ClN3O3Re•1.5H2O:
C, 39.35; H, 2.78; N, 7.24. Found: C, 39.48; H, 2.43; N, 6.83. 1H NMR (CD3CN, 300 MHz): δ
9.06 - 9.04 (m, 1H), 8.46 - 8.39 (m, 2H), 8.22 - 8.15 (m, 2H), 7.67 - 7.58 (m, 2H), 7.24 (t, J = 8.25
Hz, 1H), 6.86 - 6.80 (m, 3H), 4.36 (br s, 2H). HR-ESI-MS (M+) m/z calc. for [2-Re – Cl–]+,
518.0515, Found, 518.0558. FT-IR (KBr) vCO: 2018, 1909, and 1881 (br) cm-1.
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Figure 9. Crystal structures of 1-Re (left) and 2-Re (right) with thermal ellipsoids rendered at the 50% and 70%
probability levels, respectively. Hydrogen atoms and outer-sphere solvent molecules have been omitted for clarity.

(4-([2,2'-bipyridin]-6-yl)aniline)Re(CO)3Cl, 3-Re. This complex was prepared from ligand L3
(0.050 g, 0.202 mmol) and Re(CO)5Cl (0.073 g, 0.202 mmol) following the common synthetic
procedure. Yield = 89% (0.099 g). Elem. Anal. calc. for C19H13ClN3O3Re: C, 41.27; H, 2.37; N,
7.60. Found: C, 41.19; H, 2.32; N, 7.44. 1H NMR (CD3CN, 300 MHz): δ 9.06 - 9.04 (m, 1H), 8.42
(d, J = 8.25 Hz, 1H), 8.35 - 8.32 (m, 1H), 8.22 - 8.11 (m, 2H), 7.67 - 7.58 (m, 2H), 7.39 - 7.36 (m,
2H), 6.78 - 6.75 (m, 2H), 4.53 (br s, 2H). HR-ESI-MS (M+) m/z calc. for [3-Re – Cl–]+, 518.0515,
Found, 518.0515. FT-IR (KBr) vCO: 2017, 1911, and 1868 cm-1.
2.3 RESULTS AND DISCUSSION
Synthesis and Structure of the Complexes. Ligands L1−L3 were prepared via palladiumcatalyzed Suzuki cross coupling of 6-bromo-2,2′-bipyridine and the appropriate boronic acid or
boronate ester with good-to-excellent yields (Figure 8).20,50 In all cases, pure products were
obtained by silica gel chromatography. Metalation was achieved by refluxing the ligands with 1
equiv of the metal precursor Re(CO)5Cl in anhydrous toluene for 12 h under a N2 atmosphere.20,51
The complexes were purified by washing them with low-polarity organic solvents. Detailed
synthetic procedures are described in the Supporting Information (SI). All three complexes are air-
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and moisture-stable in the solid state. The ligands and complexes were characterized by elemental
analysis, 1H NMR, and high-resolution mass spectrometry.
Crystals of 1-Re and 2-Re in the form of small yellow needles were grown from slow ether
diffusion into a concentrated solution of each complex in acetonitrile (CH3CN) or N,Ndimethylformamide (DMF) at low temperature. Several attempts to grow X-ray-quality crystals of
3-Re were unsuccessful. In theory, a pair of conformers could form during the synthesis of both
1-Re and 2-Re. However, only one isomer (amine syn to the chloro ligand) was observed in each
case by room temperature 1H NMR and from the solid-state crystal structures. This may be credited
to electrostatic interactions, the steric demand of the aniline moieties, and hindered rotation around
the C−C bond of the pendant aminophenyl group and central pyridine ring. Interestingly, similar
rhenium bipyridyl complexes with o-methoxyphenyl or o-benzoic acid rings at the 6 position of
the bipyridine ligand produced the anti-isomer, where the functional group is oriented away from
the chloride donor.52,53 Thermal ellipsoid plots of 1-Re and 2-Re are shown in Figure 9, and
selected bond lengths and angles are reported in Table 2.
Both structures depict slightly distorted octahedral geometries around the rhenium(I) center
with three carbonyls in a facial arrangement, a κ2 bipyridyl ligand, and an anionic chloro donor. In
1-Re, the dihedral angle between the aminophenyl ring and adjacent pyridyl ring is 74.25°. The
dihedral angle (64.58°) of 2-Re is smaller, as expected given the reduced steric demand of this
isomer, and similar to the dihedral angle (68.53°) of a related complex containing an unsubstituted
phenyl group at the 6 position of 2,2′-bipyridine.54
The Re−N2 bond distances in both 1-Re and 2-Re are 0.055 Å longer than that of the
adjacent, unsubstituted rhenium−pyridine bond distance (Re−N1) due to the steric bulk imposed
by the aniline substituents. Unlike ReBpy, the bipyridine units in 1-Re and 2-Re are not coplanar
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with the Re(CO)2 plane formed by the trans-carbonyl donors. Torsion angles of −10.6(6)° and
−9.6(3)° between the pyridine rings of 1-Re and 2-Re, respectively, are also observed. The Re−Cl
bond length is shorter in 2-Re than in 1-Re, but both have slightly longer Re−Cl bonds relative to
the unsubstituted ReBpy complex. The distances between the pendant amine nitrogen atom and
the chloro ligand are 3.989(4) and 6.412(2) Å for 1-Re and 2-Re, respectively.
Table 2. Selected bond distances and angles of 1-Re, 2-Re, and ReBpy.
Selected bond distancesa and angles

a

1-Re

ReBpy55

2-Re

Re(1)-N(1)

2.162(3)

2.166(2)

2.173(6)

Re(1)-N(2)

2.217(4)

2.221(2)

2.176(6)

Re(1)-C(17)

1.932(4)

1.940(3)

1.932(7)

Re(1)-C(18)

1.907(6)

1.920(2)

1.938(9)

Re(1)-C(19)

1.900(5)

1.899(3)

1.919(7)

Re(1)-Cl(1)

2.490(1)

2.4733(6)

2.460(2)

N(1)-Re(1)-N(2)

74.6(1)

75.09(7)

74.9(2)

Dihedral angleb

74.25

64.58

-

Torsion anglec

-10.6(6)

-9.6(3)

0.1(8)

All bond distances are reported in Angstroms (Å). bDihedral angle between aminophenyl ring and

adjacent pyridyl ring. cTorsion angle between pyridine rings.

Electrochemical Studies under N2. To assess the redox behavior of the complexes under
noncatalytic conditions, cyclic voltammetry was performed in N2-saturated anhydrous CH3CN
solutions containing a 0.5 mM complex and 0.1 M Bu4NPF6 as the supporting electrolyte. All
reported potentials are referenced versus the ferrocenium/ferrocene (Fc+/0) redox couple.
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Table 3. Reductive peak potentialsa and diffusion coefficients (D) of 1-Re, 2-Re, 3-Re, and ReBpy from cyclic
voltammetry of 0.5 mM complex in anhydrous CH3CN/0.1 M Bu4NPF6 solutions under N2 atmosphereb

Catalyst

a

D (cm2 s-1)

Ep1,c (V)

Ep2,c (V)

1-Re

-1.81

-2.22

1.31 x 10-5

2-Re

-1.73

-2.14

1.18 x 10-5

3-Re

-1.84

-2.24

1.36 x 10-5

ReBpy

-1.79

-2.15

1.72 x 10-5

Potentials are versus Fc+/0 and measured at v = 100 mV/s. All potentials were rounded to the nearest 0.01 V. bGlassy

carbon disk working electrode, platinum wire counter electrode, and silver wire quasi-reference electrodes.

As observed with ReBpy, the three aniline-substituted isomers show a quasi-reversible
one-electron-reduction event, followed by a more negative irreversible one-electron reduction in
the potential window studied. The reduction potentials and diffusion coefficients of each complex
are summarized in Table 3. On the basis of previous reports on ReBpy-type complexes,34,56 the
first reduction is bipyridine-based and forms an anionic ligand-centered radical species,
[ReI(bpy•−)(CO)3Cl]− (where bpy is used generically to encompass the substituted bipyridyl
ligands). This species can undergo slow chloride loss through a ligand-to-metal charge transfer, in
which the six-coordinate bipyridine π-radical species is favored over the neutral five-coordinate
rhenium-centered radical species,57 or by rapid dissociation of Cl− at the second reduction. The
second irreversible process is assigned to a mostly metal-based reduction (ReI to Re0), resulting in
a five-coordinate anionic species that is best described as [Re0(bpy•−)(CO)3]−, which can activate
CO2.58,59 These assignments are supported by infrared spectroelectrochemical (IR-SEC)
experiments (vide infra).
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The first reduction (Ep1,c) of the complexes varies by 110 mV. Similar reduction potentials
for 1-Re and ReBpy are observed for this process at −1.81 and −1.79 V versus Fc+/0, respectively,
while 3-Re has the most cathodic initial reduction at −1.84 V. Complex 2-Re has the most positive
initial reduction of the series (80, 110, and 60 mV more positive than 1-Re, 3-Re, and ReBpy,
respectively) at −1.73 V. The metal centered reductions of 2-Re and ReBpy occur at very similar
potentials, whereas Ep2,c of 1-Re and 3-Re are 70 and 90 mV more negative than the parent ReBpy
complex, respectively. The meta-substituted aminophenyl group clearly has the smallest electronic
effect on the complex, resulting in minor changes in the reduction potentials relative to the parent
complex. In contrast and consistent with resonance arguments, the ortho- and para-substituted
aminophenyl groups provide additional electron density to the ligand framework through a
resonance-donating effect and are responsible for the cathodically shifted reduction potentials.
The return scan of each complex is relatively complicated due to possible dimer
formation/cleavage, chloride dissociation, and solvent coordination.60–62 For 1-Re, only one
oxidation peak at −1.74 V corresponding to the first reduction is observed in the return scan at 0.1
V/s. At the same scan rate, 2-Re shows a prominent oxidation peak at −1.69 V and a smaller feature
at −1.56 V; 3-Re exhibits similar behavior with a prominent peak at −1.76 V and a smaller feature
at −1.65 V. The resolution between these two peaks becomes more conspicuous at faster scan rates
(Figures A14-17). Indeed, 1-Re begins to show an analogous oxidation at −1.6 V, appearing as a
shoulder on the prominent peak, at a scan rate of 1 V/s.
In contrast, upon isolation of the first reduction event, only one reversible oxidation peak
is observed at around −1.7 V for all three complexes, which is assigned to the oxidation of
oneelectron-reduced species [ReI(bpy•−)(CO)3Cl]−.56,63,64 The potential of this oxidation is
analogous to that of the prominent oxidation wave discussed above upon cycling through both
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reductions, where the redox couple becomes less reversible. The smaller oxidation feature paired
with the prominent peak only appears, on this time scale, when cycling through the second
reduction. This observation is in agreement with earlier electrochemical experiments on ReBpytype complexes, and thus the less prominent wave of each complex is tentatively assigned to the
oxidation of [Re0(bpy•−)(CO)3]−.60,61
At more positive potentials (−0.3 to −0.5 V), a small characteristic oxidation feature is
observed, which is assigned to the oxidation of neutral Re0−Re0 dimeric species based on earlier
reports involving [Re(bpy)(CO)3]2 complexes.65,66 This peak is larger at fast scan rates and appears
upon cycling through the second reduction. In comparison to the electrochemical behavior of
ReBpy, we conclude that only a small fraction of [Re0(bpy)(CO)3]• undergoes dimerization in the
aniline-substituted complexes because of the added steric bulk of the ligand structure.
Cyclic voltammograms (CVs) under a wide range of scan rates show that the reductive
peak currents (ip,c) vary linearly versus the square root of the scan rate for all four complexes
(Figures A14-A17), consistent with diffusion-controlled homogeneous systems. The diffusion
coefficients (D) were determined by the Randles−Sevcik equation (eq 1) using the slopes of linear
fits associated with the first reduction.67
𝑛𝐹𝑣𝐷

𝑖𝑝 = 0.4463𝑛𝐹𝐴𝐶 (

𝑅𝑇

1⁄
2

(eq 1)

)

In this equation, ip is the current response, F is Faraday’s constant, A is the surface area of
the electrode (0.07 cm2 for the electrode used in this study), n is the number of electrons associated
with the redox event, C is the concentration of the catalyst in solution, v is the scan rate, R is the
ideal gas constant, and T is the temperature in Kelvin.
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Spectroelectrochemistry under N2. IR-SEC has been a powerful tool for analyzing
electrochemical reactions in real time and providing insight into the underlying mechanisms of
rhenium and manganese tricarbonyl catalysts.5 An optically transparent thin-layer electrochemical
(OTTLE) cell was used to monitor changes in the carbonyl stretching region of IR spectra of
catalyst solutions under an applied potential.48
Table 4. Carbonyl stretches of the rhenium-bipyridyl complexes under study.
vCO (cm-1)

Catalyst

Solvent

1-Re

2023, 1919, 1895

CH3CN

2-Re

2022, 1919, 1892

CH3CN

3-Re

2022, 1919, 1891

CH3CN

ReBpy59

2021, 1914, 1897

CH3CN

In their initial state, 1-Re, 2-Re, and 3-Re show three carbonyl stretches (νCO) that are
characteristic of fac-Re(CO)3 complexes (Table 4). The C−O stretching frequencies of the anilinesubstituted complexes are very similar to those of ReBpy.68 Our IR-SEC experiments were limited
to 1-Re and 2-Re due to the poor solubility of 3-Re in CH3CN. CVs of 1-Re and 2-Re in the
OTTLE cell show two reduction waves similar to the CVs performed with a glassy carbon disk
electrode. The C−O stretching frequencies observed for these compounds under reducing
conditions are summarized in Table 5.
Table 5. Experimental vCO frequencies of different intermediates detected by IR-SEC
experiments.a
Complex

1-Re (cm-1)
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2-Re (cm-1)

a

[Re(L)(CO)3Cl]

2023, 1919, 1895

2022, 1919, 1892

[Re(L)(CO)3Cl] ‒

2006, 1895, 1879

2000, 1889, 1863

[Re(L)(CO)3(CH3CN)]

-

2007, 1892, 1871

[Re(L)(CO)3]

1984, 1865, 1853

1986, 1868, 1848

[Re(L)(CO)3] ‒

1947, 1847(br)

1946, 1848(br)

[Re(L)(CO)3(CH3CN)]

-

1992 (overlapped)

The IR spectra are presented in Figure 10.

When the applied potential is held at the first reduction peak, the initial carbonyl signals
start to diminish and a new set of lower-energy peaks begin to emerge. For 1-Re, the νCO modes
of the new species are red-shifted by ∼20 cm−1 relative to the initial complex (Figure 10). This
change in energy is consistent with a one-electron ligand-based reduction, and we assign this
species to [Re(L1)(CO)3Cl]•−, in accordance with previous studies.34,68,69 Holding the potential at
the tail of the first reduction peak forms the chloride-dissociated neutral species [Re(L1)(CO)3]•,
which results in another ∼20−30 cm−1 red shift of the C−O vibrational modes. Scanning toward
more negative potentials (onset of the second reduction wave) quickly gives rise to peaks
corresponding to the five-coordinate [Re(L1)(CO)3]− species at the expense of [Re(L1)(CO)3]•.
The two-electron-reduced intermediate [Re(L1)(CO)3]− is widely proposed to be the catalytically
active species that is responsible for CO2 activation.59 Although the C−O absorption bands of this
species are overlapped by [Re(L1)(CO)3]• in the IR spectrum, the high-energy band of
[Re(L1)(CO)3]− at 1947 cm−1 (with a characteristic ∼40 cm−1 shift relative to [Re(L1)(CO)3]•) and
a broad lower-energy band at 1847 cm−1 are clearly visible in the spectrum.65,66
IR-SEC of 2-Re shows slightly different behavior relative to 1-Re. At the first reduction
potential, the C−O stretching frequencies shift to lower energies corresponding to
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[Re(L2)(CO)3Cl]•−. However, this radical anion rapidly converts into a new species denoted by a
shift in the carbonyl vibrational modes to higher energy, which is ascribed to the neutral CH3CNbound intermediate [Re(bpy)(CO)3(CH3CN)]•, consistent with previous IR-SEC studies.38,68 This
species is a result of rapid ligand exchange of the radical anion in a coordinating solvent (CH3CN).
Notably, this intermediate was not observed with 1-Re, where labilization of the chloride ligand
results in a five-coordinate neutral species. The steric bulk of the ortho-amine functionality
presumably favors formation of the five-coordinate species over the six-coordinate solvent-bound
complex. Likewise, increased electron density from the conjugated o-NH2 group to the bipyridine
donor could limit the formation of such an intermediate.
Interestingly, holding the potential just after the first reduction wave of 2-Re concurrently
forms the five-coordinate radical [Re(L2)(CO)3]• species and the two-electron-reduced
[Re(L2)(CO)3]− intermediate as a minor species. This behavior is rationalized by the expected
close reduction potentials of pristine 2-Re and the neutral species [Re(L2)(CO)3(MeCN)]• in light
of similar observations of related rhenium complexes.38,68 The peaks corresponding to the two
electron-reduced species grow in intensity when the potential is held for a longer time. A shoulder

Figure 10. IR-SEC reduction of 1-Re (left) and 2-Re (right) under N2. The assigned species are color-coded as follows:
Re(L)(CO)3Cl (black), [Re(L)(CO)3Cl]•− (red), [Re(L)(CO)3(CH3CN)]• (pink), [Re(L)(CO)3]• (green), [Re(L)(CO)3]−,
and [Re(L)(CO)3(CH3CN)]− (blue), where L = bipyridyl ligand.
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is also observed at 1992 cm−1 and tentatively assigned to the two-electron-reduced six-coordinate
[Re(L2)(CO)3(CH3CN)]− species.68,70 The lower-energy peak of this solvento species is likely
obscured by the broad peak of [Re(L2)(CO)3]−.
The νCO frequencies of the proposed intermediates en route to generating the catalytically
active species [Re(L)(CO)3]− for both 1-Re and 2-Re and some related complexes are presented
in Table 16. In 1-Re, formation of the active species [Re(L1)(CO)3]− was only observed at the
second reduction potential. In contrast, the active species of 2-Re was generated at the first
reduction wave. CVs performed under catalytic conditions at a slower scan rate also support this
observation (vide infra).
Notably, no dimeric intermediate was detected for any of our complexes during IR-SEC
studies, presumably because of the steric demand of the aminophenyl substituents. However, in
oxidative scans of CVs at fast scan rates, evidence of a dimeric species in small quantities was
observed. This discrepancy prompted us to perform UV−vis spectroelectrochemistry (UV−vis
SEC) to determine whether Re−Re bond formation was occurring under reducing conditions as
the dimer has a characteristic absorption band centered around 800 nm.57,65 Details of the UV−vis
SEC studies are given in the Experimental Section.
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At an applied potential corresponding to the first reduction, a new absorption band at 521
nm appears in the UV−vis spectra of both 1-Re and 2-Re (Figure 11). This absorption is assigned
to the one-electron-reduced species, consistent with previous reports on related compounds.57,63,71
Holding the potential at the second reduction gives rise to a new absorption feature with a λmax
value of 560 nm for 1-Re and 566 nm for 2-Re, which are comparable to previously reported twoelectron reduced rhenium bipyridyl complexes.20,57,63 Notably, the characteristic absorption band
for the Re−Re dimer is absent in the spectra of both complexes.
In previous studies, the Re0−Re0 dimer was also not observed during IR-SEC experiments
with ReBpy in CH3CN.68 It was proposed that [Re(bpy)(CO)3]• reacts too quickly with the
coordinating solvent for dimerization to occur.60,68 It has also been shown spectroscopically that
substitution with bulky tert-butyl groups at the 4 and 4′ positions of ReBpy slows down or prevents
dimerization. We reason that substitution at the 6 position of bipyridine will have a similar effect.
Finally, the SEC and cyclic voltammetry experiments operate on different time scales.38,68 This
may be a contributing factor behind the absence of dimer in the SEC studies.

Figure 11. UV−vis SEC reduction of 1-Re (left) and 2-Re (right) under N2. The assigned species are color-coded as
follows: pristine complexes (black); one-electron-reduced species (red); two-electron reduced species (blue)
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Electrochemical Studies under CO2. Following the studies under an inert atmosphere,
cyclic voltammetry was performed in CO2-saturated anhydrous CH3CN solutions to assess the
catalytic activity of 1-Re, 2-Re, and 3-Re for CO2 reduction. The first redox event for all three
complexes remains largely unchanged in the presence of substrate. Scanning toward more negative
potentials gives rise to catalytic waves near the second reduction process (Figure 13). This
behavior is comparable to that of ReBpy. From the IR-SEC results, 2-Re is expected to form a
small amount of reactive intermediate for CO2 binding and reduction at the first reduction
potential, which would allow catalysis to occur at a lower overpotential. Although this was not
observed in CVs conducted at higher scan rates, the catalytic current does initiate at the first
reduction of 2-Re at slow scan rates (Figure 12). This behavior is not as prominent with the other
complexes studied here, particularly 3-Re and ReBpy. We note that similar results were obtained
with ruthenium polypyridyl complexes by ligand modification, which altered the catalytic cycle
and enabled catalysis at a lower overpotential.72
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Figure 12. Cyclic voltammograms of 1-Re, 2-Re, 3-Re, and ReBpy at a scan rate of 10 mV/s with 0.5 mM catalyst
concentrations in CH3CN / 0.1 M Bu4NPF6 solutions under N2 (black) or CO2 (red/green) atmospheres.

The overpotentials and catalytic current increases are considerably different for all four
catalysts investigated in this work (Figure 13). Catalysts 1-Re, 2-Re, and ReBpy show crossing
of the forward and return sweeps under CO2 atmosphere, indicating that adsorption to the electrode
surface or depletion of the substrate in the diffusion layer of the electrode may be taking place.73,74
In general, the aminophenyl-substituted catalysts exhibit higher catalytic currents relative to
ReBpy. At a scan rate of 100 mVs−1, 1-Re, 2-Re, 3-Re, and ReBpy show 8.8-, 11.0-, 6.6-, and
4.4-fold current enhancements as measured by the ratio of the catalytic current (icat) relative to the
reductive peak current observed in the absence of substrate (ip). Complex 2-Re shows the largest
icat/ip value from the series with a catalytic half-wave potential (Ecat/2) that is 50 mV more positive

Figure 13. CVs of 1-Re, 2-Re, 3-Re, and ReBpy at 0.5 mM concentrations in CH3CN/0.1 M Bu4NPF6 under N2
(black), CO2 (red), N2 with 4% TFE (green), and CO2 with 4% TFE (blue). Scan rate = 100 mV s −1; glassy carbon
working electrode.
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than that of ReBpy and 100 mV more positive than those of 1-Re and 3-Re. Importantly, this
indicates that the catalytic activity in this series depends on factors other than mere catalytic
overpotentials, since 3-Re would be expected to be the most active catalyst of the series on the
basis of thermodynamic driving force for CO2 reduction.
The ratio of the catalytic current (icat) and corresponding reductive peak current in the
absence of a substrate (ip) serves as a useful gauge to compare the activity of different catalysts.
According to the following electroanalytical equations (eqs 2 and 3), the catalytic rate constant
(kcat) and turnover frequency (TOF) are proportional to (icat/ip)2 under steady-state conditions
(where np is 1, the number of electrons transferred in the noncatalytic reduction, and ncat is 2 for
CO2 reduction to CO, the number of electrons transferred in the catalytic reaction).74
(eq 2)

𝑘𝑜𝑏𝑠 = 𝑘𝑐𝑎𝑡 [𝐶𝑂2 ]
𝑇𝑂𝐹 = 𝑘𝑜𝑏𝑠 =

3
𝐹𝑣𝑛𝑝

𝑅𝑇

2
0.4463 2 𝑖𝑐𝑎𝑡

(

𝑛𝑐𝑎𝑡

(eq 3)

) (𝑖 )
𝑝

Cyclic voltammetry as a function of the scan rate was performed in N2- and CO2-saturated
solutions (Figure 14). From these data, icat/ip values were obtained at each scan rate and TOFs
were calculated using eq 3, which are plotted versus the scan rate in Figure 15. Although “Sshaped” catalytic waves were not observed with these systems, scan-rate independent TOF values
were obtained and are reported to allow a comparison to literature values. The estimated TOFs
determined are 31.7, 98.8, 30.1, and 14.6 s−1 for 1-Re, 2-Re, 3-Re, and ReBpy, respectively.
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Figure 14. Cyclic voltammograms at different scan rates with 0.5 mM catalyst concentrations, A) 1-Re, B) 2-Re, C)
3-Re, and D) ReBpy in CO2-saturated CH3CN / 0.1 M Bu4NPF6 solutions.

Figure 15. A plot of TOF (s-1) vs scan rate (mV/s) for all of the catalysts from Figure 14. TOFs were determined
from CVs at different scan rates using equation 3 as described in the main text.
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Table 6. Summary of the results of electrocatalysis in CO2-saturated anhydrous acetonitrilea
Catalyst

a

Ecat/2 (V)

icat/ip

TOF (s-1)b

TOF (s-1)c

1-Re

-2.17

8.8

31.7

45.5

2-Re

-2.07

11.0

98.8

127

3-Re

-2.17

6.6

30.1

58.8

ReBpy

-2.12

4.4

14.6

21.2

Potentials are referenced versus Fc+/0 couple. Catalytic half-wave potential (Ecat/2), catalytic current (icat), and

corresponding peak current in the absence of substrate (ip) were measured by cyclic voltammetry at v = 100 mV/s in
anhydrous CH3CN/0.1 M Bu4NPF6. Reported TOF values are associated with < 5% error. bTOF calculated using
equation eq 3. cTOFmax obtained from Foot-of-the-Wave Analysis (eqs 4 and 5) where Ecat/2 was used for Ecat in eq
4.

Deviations from ideal “S-shaped” catalytic waves in the CVs of these catalysts prompted
us to apply foot-of-the-wave analysis (FOWA; eq 4). From this electroanalytical expression, kcat
can be determined and used to find the maximum TOF (TOFmax) under saturation conditions using
eq 5.75 In this method, the onset of the catalytic wave is analyzed in lieu of the peak catalytic
current to avoid nonideal behavior, such as substrate depletion and catalyst deactivation, in
calculating the rate of catalysis. The catalytic rate constant (kcat) was determined from the linear
portions of the slopes of plots of i/ip versus 1/[1 + exp{(F/RT)(E − Ecat)}], where Ecat is the
reduction potential of the catalyst associated with catalysis. The plots are shown in Figure 16, and
the maximum TOFs obtained by FOWA are 45.5, 127, 58.8, and 21.2 s−1 for 1-Re, 2-Re, 3-Re,
and ReBpy, respectively.
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Figure 16. Foot-of-the-Wave Analysis (FOWA) and plots of the associated TOFs vs scan rate for A) 1-Re, B) 2-Re,
and C) 3-Re. TOFs were determined using equations 4 and 5 as described in the main text from linear sweep
voltammograms obtained with 0.5 mM catalyst in CO2-saturated CH3CN / 0.1 M Bu4NPF6 solutions.

37

Table 6 contains Ecat/2, icat/ip, and TOF values determined using both methods for all four
catalysts. Noticeably, the TOF values determined by the two methods are comparable and display
the same trend. In general, the aminophenyl-substituted catalysts show faster rates than that of
ReBpy, while 2-Re is the most active system overall with a TOF that is 2.8, 2.2, and 6 times higher
than the TOFs for 1-Re, 3-Re, and ReBpy, respectively (Table 6).

𝟐.𝟐𝟒 √
𝒊
𝒊𝒑

=

𝑹𝑻

𝑭𝒗𝒏𝟑
𝒑

𝟏+𝒆𝒙𝒑[

𝐧𝒄𝒂𝒕 𝒌𝒄𝒂𝒕 [𝑪𝑶𝟐 ]

(eq 4)

𝑭
(𝑬−𝑬𝒄𝒂𝒕 )]
𝑹𝑻

(eq 5)

𝑇𝑂𝐹𝑚𝑎𝑥 = 𝑘𝑐𝑎𝑡 [𝐶𝑂2 ]

Effect of Brønsted Acids in CO2 Reduction. Next, the catalytic activity of these systems
was assessed in the presence of added external Brønsted acids in order to facilitate the protoncoupled reduction of CO2. A wide range of proton sources have been used in the literature that
have produced lower overpotentials (η) while enhancing the catalytic activity of various systems
in organic solvents. However, it has also been observed, in the presence of proton sources, that the
selectivity is compromised for some catalysts that favor H2 evolution over CO2 reduction due, in
part, to the comparable standard potentials of these reactions.9,11,76–79 We examined four weak
Brønsted acids of different pKa values in CH3CN: water (H2O; pKa = 38−41),80 methanol (pKa =
not reported), trifluoroethanol (TFE; pKa = calcd 35.8),81 and phenol (pKa = 27.2).82 In the presence
of these acids, changes to the current response or peak shapes in the CVs of each catalyst under
N2- saturated conditions are minor, suggesting that the catalysts will have insignificant proton
reduction activity in the potential window studied. Conversely, significant increases in the current
are observed with the rhenium catalysts when CO2 is introduced (Figure 13). The catalytic current
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begins at the onset of the first reduction in the presence of a proton source, which is markedly
different from the anhydrous conditions.
Of the proton sources examined, TFE gives the highest icat/ip value for the anilinesubstituted catalysts and was chosen for the following experiments. A linear increase in the
catalytic current as a function of the TFE concentration is observed initially with 1-Re and 2-Re,
before reaching a maximum icat/ip value at 4% TFE and subsequently dropping to lower values
(Figure 17). This behavior is consistent with previous reports involving rhenium- and manganesebased electrocatalysts.37,83,84

Figure 17. Concentration dependence of added trifluoroethanol (TFE) as a proton source. Cyclic voltammograms of
0.5 mM catalyst A) 1-Re and B) 2-Re with increasing amounts of added TFE in CO2-saturated CH3CN / 0.1 M
Bu4NPF6 solution, scan rate = 100 mV/s. Then the peak catalytic current is plotted against the corresponding [TFE].
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Figure 18. Cyclic voltammograms at different scan rates of 0.5 mM catalyst, A) 1-Re, B) 2-Re, C) 3-Re, and D)
ReBpy in CO2-saturated CH3CN / 0.1 M Bu4NPF6 solutions containing 4% TFE.

Figure 19. A plot of TOF (s-1) vs scan rate (mV/s) for all four catalysts in presence of 4% TFE. TOFs were determined
from the CVs above using equation 3 as described in the main text.
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The TOFs of each catalyst in CH3CN/4% TFE solutions were estimated via cyclic
voltammetry by applying the two electroanalytical methods described earlier (Figures 18-20). The
addition of an external proton source improved the rate of catalysis for each complex, as is evident
by increases in the icat/ip values and the calculated TOFs in the presence of 4% TFE, which are
summarized in Table 7. The same trend in catalytic activity is observed under protic conditions
with 2-Re, again, showing the best performance with a TOF of 239 s−1. Catalysts 1-Re and 3-Re
also exhibit better performances than the benchmark ReBpy system with TOFs of 123 and 109
s−1, respectively.
Table 7. Summary of the results of electrocatalysis in CO2 saturated acetonitrile in presence of 4%
TFE as proton source.a
Catalyst

Ecat/2 (V)

icat/ip

TOF (s-1)b

TOF (s-1)c

1-Re

-2.05

14.2

123

47.5

2-Re

-1.98

25.0

239

138

3-Re

-2.04

14.3

109

69.7

ReBpy

-1.98

13.4

72.9

47.5

a

Potentials are referenced versus Fc+/0 couple. Catalytic half-wave potentials (Ecat/2), catalytic currents (icat), and

corresponding peak currents in the absence of substrate (ip) were measured by CVs done at v = 100 mV/s in anhydrous
CH3CN/0.1 M Bu4NPF6 solutions. Reported TOF values are associated with < 5% error. bTOF calculated using
equation eq 3. cTOFmax obtained from Foot-of-the-Wave Analysis (eqs 4 and 5) where Ep,c1 was used for Ecat in eq 3.
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Figure 20. Foot-of-the-Wave Analysis (FOWA) and plots of the associated TOFs vs scan rate for A) 1-Re, B) 2-Re,
and C) 3-Re. TOFs were determined using equations 4 and 5 as described in the main text from linear sweep
voltammograms obtained with 0.5 mM catalyst in CO2-saturated CH3CN / 0.1 M Bu4NPF6 solutions containing 4%
TFE.
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The peak catalytic current (icat) for an electrocatalytic process that involves heterogeneous
electron transfer can be expressed by the following electroanalytical equation:85
𝑖𝑐𝑎𝑡 = 𝑛𝑐𝑎𝑡 𝐹𝐴[𝑐𝑎𝑡](𝐷𝑘𝑐𝑎𝑡 [𝑆]𝑦 )1⁄2

(eq 6)

where [S] is the substrate concentration and [cat] is the catalyst concentration. This equation was
used to investigate the reaction order with respect to the catalyst and substrate concentrations and
to gain insight into the catalytic mechanism. Cyclic voltammetry was performed to record the
current response (icat) under variable concentrations of CO2, TFE, and catalyst by systematically
changing the concentration of one species at a time.

Figure 21. Concentration dependence of catalyst 2-Re. (Left) Cyclic voltammograms of 2-Re at different
concentrations in CO2-saturated CH3CN / 0.1 M Bu4NPF6 solution, scan rate = 100 mV/s. (Right) A plot of the peak
catalytic current versus [2-Re].
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Figure 22. Substrate concentration dependence of catalyst 2-Re. (Left) Linear sweep voltammograms of 2-Re with
increasing concentrations of CO2 in CH3CN / 0.1 M Bu4NPF6 solution, scan rate = 100 mV/s. (Right) A plot of the
peak catalytic current versus [CO2]1/2.

First, the catalyst concentration was varied from 0 to 0.5 mM in CO2-saturated CH3CN. A
linear relationship is observed in plots of the peak catalytic current (icat) from each CV versus the
concentration of catalyst, revealing a first-order dependence on the catalyst (Figure 21). The
maximum catalyst concentration was restricted to 0.5 mM to avoid suspensions of the catalyst at
higher concentrations in CH3CN. Next, CVs were obtained where the CO2 concentration was
varied in CH3CN solutions containing 0.5 mM catalyst. A first-order dependence on [CO2] was
determined (where y = 1) as the catalytic current increases linearly as a function of √[𝐶𝑂2 ]1
(Figure 22). The concentration of TFE was also varied from 0 to 4% (v/v) in CO2-saturated
CH3CN with 0.5 mM catalyst and showed a linear increase in the plots of icat versus [TFE],
indicating a second-order dependence on the acid (√[𝑇𝐹𝐸]2 ) (Figure 17). The rate law can be
summarized as follows: rate = k[cat][CO2][TFE]2, which indicates that the second protonation
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Figure 23. FEs from CPEs with 0.5 mM catalyst in CO2-saturated CH3CN/0.1 M Bu4NPF6 solutions under
anhydrous conditions (gray) or with 4% TFE (red).

event, resulting in C−O bond cleavage and the elimination of H2O, is the rate-limiting step in this
2H+/2e− reduction of CO2 to CO.20,77
Controlled Potential Electrolysis (CPE). Bulk electrolysis experiments were performed
on the complexes using an airtight electrochemical cell with applied potentials corresponding to
their peak catalytic currents in order to quantify products and to assess catalyst stability. The
experiments were conducted with and without an external proton source to determine the
efficiency, stability, and selectivity under both conditions. The CPE results are summarized in
Table 8 and shown graphically in Figure 23. Representative charge versus time plots are given in
Figures 24.
Table 8. Summary of 1 h CPEs under different conditions.a
Catalyst

H+ source

Eappl (V)b

Charge (C)

FECO (%)

4% TFE

-2.15

5.04 ± 0.10

89 ± 3

none

-2.20

1.04 ± 0.03

38 ± 2

4% TFE

-2.05

7.66 ± 0.23

93 ± 2

1-Re
2-Re
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none

-2.15

1.68 ± 0.07

83 ± 2

4% TFE

-2.15

5.54 ± 0.08

98 ± 2

none

-2.20

1.40 ± 0.04

52 ± 4

4% TFE

-2.12

3.65 ± 0.31

92 ± 3

none

-2.15

1.17 ± 0.05

62 ± 2

3-Re

ReBpy

a

CPEs were performed with 0.5 mM catalyst concentration in CO 2-saturated CH3CN/0.1 Bu4NPF6 solutions using a

glassy carbon rod working electrode. Accumulated charge and Faradaic efficiencies (FE) are reported as the average
of three runs. bApplied potentials are corresponding to the peak catalytic currents. The potentials are reported versus
Fc+/0.

Figure 24. Representative charge versus time plots for controlled potential electrolyses of 1-Re (green), 2-Re (red),
3-Re (blue), and ReBpy (black) in CO2-saturated anhydrous CH3CN / 0.1 M Bu4NPF6 solution (Left) and the same
solution containing 4% TFE (Right).

In these experiments, CO was found to be the sole carbon containing product, and no H2
was detected. These results demonstrate that all four catalysts strongly favor CO2 reduction over
H+ reduction. In anhydrous solutions, ReBpy has a Faradaic efficiency (FE) of 62 ± 2%. This value
is in agreement with previous reports.76 Likewise, in the absence of TFE, 1-Re, 2-Re, and 3-Re
also show selective CO production with FEs of 38 ± 2%, 83 ± 2%, and 52 ± 4%, respectively.
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Interestingly, 2-Re operates with a significantly higher FE compared to the other complexes in this
study. The total amount of charge passed after 1 h for each system follows the same trend, with 2Re (1.68 ± 0.07 C) accumulating the most charge and 1-Re passing the least amount of charge
(1.04 ± 0.03 C). Notably, catalysis with 1-Re slows down after ∼2 h, whereas 2-Re and 3-Re
exhibit sustained catalysis for longer periods of time. This observation is consistent with the
deactivation of 1-Re during catalysis. In the absence of a proton source, the reductive
disproportionation of CO2 is often observed, where carbonate is formed as a coproduct of CO2
reduction (2CO2 + 2e− → CO + CO32−). Here, 1 equiv of CO2 is reduced to CO and the other CO2
molecule acts as an “oxide acceptor” to generate CO32−. Barium triflate was added to the filtered
solutions following electrolyses, which caused significant precipitation of BaCO3 for all three
aniline substituted catalysts, confirming the reductive disproportionation pathway under
anhydrous conditions.14,20 Moreover, analysis of the electrolyzed solution by FT-IR spectroscopy
showed the emergence of strong bands at 1647 and 1683 cm−1, which can be assigned to
HCO3−/CO32− species (Figure 25).86,87

Figure 25. FT-IR spectra of solutions containing 1-Re (left) and 2-Re (right) before and after controlled potential
electrolyses. The vco bands in the 2050–1800 cm-1 region show the presence of [Re(L)(CO)3Cl] and

47

[Re(L)(CO)3Cl]•– species in both of the solutions after the electrolyses. The peaks in the 1700–1600 cm-1 region
corresponds to HCO3–/CO32– species.

A proton source was added to solutions to facilitate the proton-coupled reduction of CO2,
and large catalytic current enhancements were observed in the presence of TFE along with higher
FEs for CO2-to-CO conversion. Under these conditions, carbonate was not observed as a
coproduct, consistent with the following reaction: CO2 + 2H+ + 2e− → CO + H2O. The FEs for the
four catalysts using TFE as a proton source are exceptional and range from 89 to 98% for CO
production.
Rinse tests were performed after each CPE experiment to determine if any heterogeneous
material had deposited onto the working electrode. The post-CPE working electrodes did not show
any sign of deposition, which suggests that the catalysts are homogeneous and do not adsorb to
the electrode during bulk electrolysis experiments.
Structure and Activity. External Brønsted acids can have dramatic effects on the catalytic
mechanism, especially when second-coordination-sphere functionality is present in the ligand
framework. It was recently demonstrated in a manganese tricarbonyl catalyst with pendant ether
groups and in macrocyclic cobalt catalysts with second-sphere amine groups that these groups can
hydrogen-bond to the metal−carboxylic acid intermediate and/or orient a hydrogen-bonding
network with Brønsted acid molecules to help stabilize the intermediate and accelerate C−O bond
breaking and the elimination of H2O.12,84 The aniline-substituted complexes reported here are also
expected to organize hydrogen-bonding interactions around the active site. Indeed, the crystal
structure of 2-Re shows the presence of a DMF solvent molecule that is hydrogen-bonded to the
meta-amine group, which suggests that 2-Re can orient Brønsted acid molecules toward the metal-

48

bound substrate during catalysis, effectively increasing the local concentration of protons to
enhance the activity.
In this work, the distance between the pendent amine and rhenium active site of each
catalyst is well-defined and was systematically varied by preparing the ortho-, meta-, and parasubstituted isomers to probe the structure−activity relationship. We anticipated that 1-Re would
have the highest activity within the series given the proximity of its amine to the active site,
enabling direct and/or short-range hydrogen-bonding interactions during catalysis. Conversely, 3Re was expected to have modest improvements relative to ReBpy because its amine is oriented
away from the metal center and limited to mediating long-range hydrogen-bonding networks or
participating in intermolecular interactions. The expectation for 3- Re was borne out by the data.
Surprisingly, however, the activities of 1-Re and 3-Re are very similar and significantly lower
than that of 2-Re, which shows the fastest catalysis by a factor of 2 and at the lowest overpotential
under both anhydrous and protic conditions.

Figure 26. Related rhenium catalysts for CO2 reduction with pendant functionality in the second coordination sphere.
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Table 9. Catalytic performance of related Re-complexes reported in literaturea

Anhydrous CH3CN

-1.87

FEco
(%)
NR

2-3 M H2O/ CH3CN

NR

70b

12

~270

NR

88

NR

NR

NR

70

NR

NR

NR

89

NR

3040d

-2.10c

51

8.2

NR

4b

-2.32c

58

29.5

NR

5a

-2.59

84

10.3

-2.32

17

4.7

-2.37

40

5

Catalyst

Conditions

Ecat/2 (V)

1
2a

icat/ip

TOF (s-1)

4.7

NR

5% water/ CH3CN
2b
3

Anhydrous CH3CN

4a
2 M TFE/ CH3CN

5b

Anhydrous DMF

5c

a

NR

The structure of the catalysts are presented in Figure 58. NR = not reported. b CPE was done in 9.4 M

H2O/CH3CN, c Ecat , d TOFmax value was reported.

The shortest distance between the amine functionality and metal center is found in 1-Re.
Under anhydrous conditions, 1-Re performs poorly during CPE experiments relative to its
isomeric counterparts, and catalysis slows down after ∼4 turnovers. This behavior indicates
probable deactivation of 1-Re during catalysis in the absence of a proton source. In fact, κ3
chelation of ligand L1 with first- and second-row transition metals is known in the literature, where
L1 acts as an N,N′,N″- tridentate ligand and coordinates in a distorted meridional fashion.88 During
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the catalytic cycle (following chloride dissociation from the precatalyst), 1-Re likely forms a
deactivated species in which the −NH2 nitrogen atom binds to the open coordination site needed
for substrate activation and catalysis, which may explain the lower than expected activity of this
system. A related compound [Re(bpy)(CO)3(NH2Ph)]+ bearing an aniline ligand has also been
reported in the literature.89 In addition, Mn(κ2-N,N′-terpyridine)(CO)3Br was recently investigated
as an electrocatalyst for CO2 reduction, where the bidentate terpyridine shifts to a κ3-N,N′,N″
coordination mode during catalysis, ultimately leading to catalyst deactivation. Several attempts
to synthesize the proposed deactivated species of 1-Re were unsuccessful in our laboratory. We
note that, in the presence of TFE, catalysis with 1-Re is sustained for a longer period of time and
was comparable to that the other catalysts within the series.
On the basis of the results of IR-SEC experiments, we hypothesize that 2-Re forms the
catalytically active species at a lower potential than its aniline-substituted counterparts, giving 2Re a unique advantage during catalysis. This electronic effect, along with the position of its
hydrogen-bond-donating amine group in the second coordination sphere, which is close enough to
enhance catalysis while avoiding deactivation, makes 2-Re the best catalyst of the series and a
significantly more active catalyst relative to ReBpy.
Comparison to Related Catalysts. Despite being known in the literature for more than 3
decades, installing second-coordination sphere functionalities in fac-Re(bpy)(CO)3-type catalysts
is a relatively new avenue of research. Previously, researchers appended phenolic groups,
secondary and tertiary amines, thiourea moieties, and positively charged imidazolium groups to
ReBpy-based catalysts, which aimed to stabilize the metal carboxylate and/or metal−carboxylic
acid intermediates or to promote proton-transfer events that lead to C−O bond cleavage (Figure
26 and Table 9).5,6,90
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Inspired by the high activity of ReBpy in room temperature ionic liquid, Nippe and coworkers have incorporated imidazolium functionalities into the bipyridine framework to assess the
intramolecular effect of these cationic substituents on catalysis (1).37 Similar icat/ip values relative
to ReBpy were observed but at a ∼170 mV more positive potential. The decrease in overpotential
was attributed to an intramolecular hydrogen-bonding interaction between the imidazolium C2−H
hydrogen atom and Cl− ligand, which was proposed to accelerate Cl− dissociation following the
first reduction. A higher icat/ip value is observed in the presence of an added Brønsted acid.
Marinescu and co-workers recently reported a series of rhenium complexes featuring
pendant secondary and tertiary amines at the 6 and 6′ positions of 2,2′-bipyridine.39 In contrast to
our system, the reported complexes have the amines directly attached to the bipyridine ligand.
Overall, the monosubstituted complexes (2a and 2b) outperform their disubstituted counterparts
in terms of stability, TON, and FE. No TOF values were reported in the study, but the icat/ip values
in anhydrous CH3CN and in the presence of TFE clearly indicate that catalyst 2b mediates the
fastest catalysis within the series. However, the Ecat values are more negative than that of ReBpy
due to the added electron density from the amine groups. The addition of a Brønsted acid improves
the catalytic current response and allows moderate FEs ranging from 51 to 73% for the reported
complexes.
Neumann and co-workers have reported a ReBpy derivative that has a thiourea moiety
tethered in the second coordination sphere (3).36 The thiourea tether features an electron
withdrawing −PhCF3 group, which increases the acidity of the hydrogen atoms and enhances the
probable interaction with CO2 molecules. Interestingly, thiourea in this catalyst acts as a local
proton source during the catalytic cycle, and the addition of an external proton source inhibits
catalysis. This is in contrast to our system and other reported catalysts utilizing amine or amide
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functional groups in the second coordination sphere because these groups tend to form hydrogen
bonds with the catalytic intermediates or neighboring Brønsted acid molecules instead of donating
protons.12,91
Nervi and co-workers reported two rhenium tricarbonyl catalysts containing 1,3dihydroxyphenyl (pdbpy) and 3,4,5- trihydroxyphenyl (ptbpy) groups attached to the 6 position of
a 4-phenyl-2,2′-bipyridine framework.38 Although TOF or kcat values were not reported, apparent
icat/ip values of ∼2.2 and ∼1.5 were obtained for 4a and 4b, respectively, in anhydrous CH3CN.
IR-SEC experiments under argon with 4a reveal the reductive deprotonation of one of the hydroxyl
substituents after the first reduction and subsequent formation of a Re−O bond. Upon reduction of
this intermediate, a doubly deprotonated anionic intermediate is formed. IR-SEC under CO2saturated conditions shows that the deprotonated intermediate with a Re−O bond is the active
catalytic species. The catalysts also have significantly different FEs in the absence or presence of
external Brønsted acids. In anhydrous solutions, 4a has a FE for CO production of 49%, whereas
the FE for 4b is 70%. This is similar to our findings, where meta substituted 2-Re performed better
than ortho-substituted 1-Re in anhydrous solutions.
White and co-workers recently reported a series of rhenium complexes with methoxysubstituted 2,9-diphenyl-1,10-phenanthroline ligands where methoxy groups are systematically
positioned around the phenyl groups in the ortho, meta, and para positions (5a, 5b, and 5c).92 In
contrast to our results, an o-methoxy-substituted rhenium complex showed the best catalytic
performance, which was attributed to the formation of a more nucleophilic rhenium center that can
activate CO2 more effectively relative to the other isomers but at the expense of a higher
overpotential.
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2.4 CONCLUSIONS
The synthesis, characterization, and electrocatalytic CO2 reduction activity of a novel series of facRe(CO)3 complexes have been reported here and compared to the unsubstituted benchmark ReBpy
catalyst. The bipyridyl ligand was decorated with aniline-based hydrogen-bond donors, and the
distance between the −NH2 group and the catalytic center of each complex was varied
systematically across the series. Catalysts 1-Re, 2-Re, and 3-Re are highly selective for CO2
reduction with FEs of ≥ 89% for CO evolution in the presence of a proton source. Notably, the
TOF of 2-Re is significantly better, no less than twice as high, compared to the rest of the catalysts
investigated here in both anhydrous and protic conditions. IRSEC and cyclic voltammetry
experiments suggest that 2-Re can access the catalytically active two-electron-reduced species at
lower overpotentials. Moreover, 1-Re suffers from deactivation, as indicated by its low stability
during bulk electrolysis experiments. We reason that the relatively short distance between the
−NH2 group of 1-Re and the rhenium active site results in coordination of the amine to the reduced
metal center during catalysis and subsequent deactivation of the catalyst. The position of the
second-coordination-sphere functionality relative to the active site must be carefully considered in
order to enhance the catalytic activity while avoiding catalyst deactivation and/or unintended
electronic effects. Ongoing efforts in our laboratory include the methylation of these aniline groups
to access quaternary ammonium groups to investigate the influence of through-space charge
interactions on catalysis.
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CHAPTER 3
ELECTRO- AND PHOTOCHEMICAL REDUCTION OF CO2 BY MOLECULAR
MANGANESE CATALYSTS: EXPLORING THE POSITIONAL EFFECT OF SECOND
SPHERE HYDROGEN-BOND DONORS

Adapted with the permission from Sinha Roy, S. Talukdar, K. Jurss, J. W. ChemSusChem 2021,
14, 662-670. DOI: 10.1002/cssc.202001940
Copyright © 2020 Wiley-VCH GmbH

Preface regarding contributions from researchers other than Sayontani Sinha Roy:
Kallol Talukdar synthesized the ligands and the complexes. He also helped in collecting the IRSPC data.

A series of molecular Mn catalysts featuring aniline groups in the second-coordination
sphere has been developed for electrochemical and photochemical CO2 reduction. The arylamine
moieties were installed at the 6 position of 2,2’-bipyridine (bpy) to generate a family of isomers in
which the primary amine is located at the ortho- (1-Mn), meta- (2-Mn), or para- (3-Mn) site of
the aniline ring. The proximity of the second-sphere functionality to the active site is a critical
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factor in determining catalytic performance. Catalyst 1-Mn, possessing the shortest distance
between the amine and the active site, significantly outperforms the rest of the series and exhibits
a 9-fold improvement in turnover frequency relative to parent catalyst Mn(bpy)(CO)3Br (901 vs
102 s-1, respectively) at 150 mV lower overpotential. The electrocatalysts operate with high
Faradaic efficiencies (≥ 70%) for CO evolution using trifluoroethanol as a proton source. Notably,
under photocatalytic conditions, a concentration-dependent shift in product selectivity from CO
(at high [catalyst]) to HCO2H (at low [catalyst]) was observed with turnover numbers up to 4760
for formic acid and high selectivities for reduced carbon products.

3.1 INTRODUCTION
Developing technologies to avert climate change associated with anthropogenic
greenhouse gas emissions is vital to achieving a sustainable future for mankind.93 To address this
global problem, fuels and commodity chemicals can be generated from carbon dioxide as a crucial
step toward a carbon-neutral economy. The large kinetic barrier associated with transforming CO2
into energy-rich products necessitates the use of efficient catalysts, which can facilitate this
conversion using renewable energy94.Transition metal complexes are attractive candidates for this
endeavor as they possess tunable and well-defined active sites that are amenable to mechanistic
studies and rational design.5,95,96
Group 7 transition metal α-diimine tricarbonyl complexes, specifically those of manganese
and rhenium, are an extensively studied catalyst group.5,16,97 Their simple ligand design and high
selectivity for the two-electron reduction of CO2 to CO or HCO2H continue to garner attention.
Researchers have also modified the second-coordination sphere of these systems in order to
achieve lower overpotentials and enhanced activities for electrochemical and light-driven
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catalysis.18,20,21,39,84,90,92,98–102 In this strategy, functional groups are appended to the ligand
framework to introduce specific noncovalent, secondary interactions near the active site of
catalysts that serve to stabilize intermediates or promote key steps (i.e. proton transfer) in the
catalytic cycle.103,104

Figure 27. Proposed CO2 reduction pathways for the reduction of CO2 to CO and HCO2H in the presence of a
proton source catalysed by [Mn(bpy)(CO)3]–.

Since the initial report of electrocatalytic CO2 reduction by fac-Mn(bpy)(CO)3Br
(MnBpy),102 a number of catalysts have been reported with modified second-coordination sphere
environments that have improved the efficiency and/or altered the product selectivity relative to
the parent system.84,90,98,99 In this class of catalysts, Mn(L)(CO)3Br (where L = bipyridyl ligand)
serves as a pre-catalyst, which forms the active species [Mn(L)(CO)3]– after accepting 2e–. This
five-coordinate active species can bind and activate CO2. However, a proton source is required to
initiate catalysis by protonation of the CO2 adduct to generate Mn(L)(CO)3(CO2H).16,17 This
metallocarboxylic acid species is a key intermediate in the conversion of CO2 to CO. Depending
on the reaction conditions (applied potential, strength of the acid, etc), the intermediate can either
57

proceed through the “protonation-first pathway” (protonation of the intermediate followed by
reduction) or the “reduction-first pathway” (1e– reduction of the intermediate followed by
protonation) as summarized in Figure 27.17,84 Reduction of the cationic tetracarbonyl species
generated in the protonation-first pathway can be achieved at a significantly lower potential than
the reduced metallocarboxylic acid intermediate. Thus, CO2 conversion via these two pathways
operate in two different potential regimes and can be clearly distinguished during
electrocatalysis.84,90 The protonation-first pathway is generally the desired route of catalysis due
to the higher energy demand of its counterpart. However, accessing this pathway has only been
possible by coordinated electronic control and hydrogen-bonding interactions introduced by
second-sphere functional groups in the presence of added Brønsted acids.84,90 Previously reported
fac-Mn(bpy)(CO)3X type catalysts with pendant second-coordination sphere methoxyphenyl84 and
imidazolium90 functional groups have achieved catalysis at significantly lower overpotentials by
following this protonation-first pathway. However, catalysts that can effectively access this
pathway remain rare.

Figure 28. Manganese-bipyridyl catalysts studied in this work.

Formic acid and H2 have also been reported as minor products in some electrochemical
and light-driven reactions with Mn-tricarbonyl catalysts. Recently, Daasbjerg and co-workers were
able to tune the selectivity of the reduced carbon products by modifying the second-coordination
sphere in a series of substituted MnBpy complexes.98 Their mechanistic studies suggest that
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formic acid production can also follow two different catalytic pathways (Figure 27). A manganesehydride intermediate, Mn(L)(CO)3H, is proposed to be the key intermediate in this process, which
is generated by protonation of the 2e– reduced [Mn(L)(CO)3]– species. Subsequent CO2 insertion
into the Mn-H bond is dependent on the applied potential. At modest potentials, CO2 insertion
occurs in the neutral hydride species and the resultant Mn(L)(CO)3(OCHO) intermediate is then
reduced. Conversely, at more negative potentials, the hydride species can be reduced by 1e– before
the CO2 insertion step. In both cases, a proton-assisted bond cleavage then liberates formic acid
and regenerates the active catalytic species.98
In this context, we have recently reported a series of aniline-functionalized facRe(bpy)(CO)3Cl complexes for electrocatalytic CO2 reduction where the -NH2 group was
systematically installed at the ortho-, meta-, or para- position of the aminophenyl substituent to
provide a well-defined distance between the catalytic center and the second-sphere H-bond
donor.18 Interestingly, catalytic performance across the series did not follow the anticipated trend
as the catalyst with the -NH2 group in closest proximity to the Re active site showed similar activity
to the one with the amine oriented away from the active site. In contrast, the meta-isomer gave the
best activity in terms of overpotential, turnover frequency (TOF), and Faradaic efficiency (FE) for
CO production. Spectroelectrochemical studies suggest that the meta-isomer accesses the
catalytically active species at a lower overpotential than its counterparts. Moreover, the orthoisomer appears to suffer from deactivation as the active site is blocked by undesirable coordination
of the primary amine to the reduced metal center.18 Here, we report the analogous series of
manganese catalysts, the Earth-abundant and economical alternative to Re (Figure 28). We sought
to examine how changing the metal center impacts catalytic performance and the overall catalytic
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cycle. Moreover, we have extended our investigation to photocatalytic CO2 reduction with the aid
of an external photosensitizer (PS) and a sacrificial electron donor (SD).

3.2 EXPERIMENTAL SECTION
Materials and Methods. If not otherwise specified, all synthetic manipulations were carried out
under dinitrogen atmosphere using an MBraun glovebox or standard Schlenk techniques. Reaction
flasks were protected from light by wrapping them with aluminum foil. Freshly distilled
acetonitrile (CH3CN) was used for synthesis and electrochemistry. Diethyl ether was dried with a
Pure Process Technology® solvent purification system.
Bromopentacarbonylmanganese(I) was purchased from Alfa Aesar®. All other chemicals
and solvents used in this study were reagent or ACS grade, purchased from commercial vendors,
and used without further purification. 1H and

13

C NMR spectra were obtained using Bruker

spectrometers operating at 300 MHz or 75 MHz, respectively. The chemical shifts are reported in
parts per million (ppm) and were calibrated versus residual protiated solvent peaks. Highresolution electrospray ionization mass spectra (HR-ESI-MS) were obtained with a Waters
SYNAPT HDMS Q-TOF mass spectrometer. Bulk purity of the catalysts was determined by CHN
analysis, conducted by Atlantic Microlab, Inc., Norcross, Georgia.
X-Ray Crystallography. Single crystals of 1-Mn and 2-Mn were coated with a trace of Fomblin
oil and transferred to the goniometer head of a Bruker Quest diffractometer with a fixed chi angle,
a sealed tube fine focus X-ray tube, single crystal curved graphite incident beam monochromator,
a Photon100 CMOS area detector, and an Oxford Cryosystems low temperature device.
Examination and data collection were performed with Mo Kα radiation (λ = 0.71073 Å) at 150 K.
Data were collected, reflections were indexed and processed, and the files scaled and corrected for
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absorption using APEX3.105 The space groups were assigned and the structures were solved by
direct methods using XPREP within the SHELXTL suite of programs106,107 and refined by full
matrix least squares against F2 with all reflections using Shelxl2018108,109 using the graphical
interface Shelxle.110 If not specified otherwise, H atoms attached to carbon and nitrogen atoms
were positioned geometrically and constrained to ride on their parent atoms. C-H bond distances
were constrained to 0.95 Å for aromatic C-H moieties, and to 0.98 Å for aliphatic CH3 moieties,
respectively. Uiso(H) values were set to a multiple of Ueq(C) with 1.5 for CH3, and 1.2 for C-H and
NH2 units, respectively.
1-Mn was refined as a two-component inversion twin. The twin ratio refined to 0.544(7) to
0.456(7).
For 2-Mn the crystal under investigation was found to be non-merohedrally twinned. The
orientation matrices for the two components were identified using the program Cell_Now, with
the two components being related by a 180° rotation around the reciprocal a-axis. The two
components were integrated using Saint and corrected for absorption using TWINABS, resulting
in the following statistics:
6123 data (1673 unique) involve domain 1 only, mean I/sigma 28.3
6098 data (1602 unique) involve domain 2 only, mean I/sigma 25.9
80166 data (17972 unique) involve 2 domains, mean I/sigma 14.7
24 data (24 unique) involve 3 domains, mean I/sigma 19.6
2 data (1 unique) involve 4 domains, mean I/sigma -2.3
The exact twin matrix identified by the integration program was found to be:
1.00102 -0.00015 0.25496
-0.00002 -1.00000 -0.00020
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-0.00800 0.00055 -1.00102
The structure was solved using direct methods with only the non-overlapping reflections of
component 1. The structure was refined using the hklf 5 routine with all reflections of component
1 (including the overlapping ones), resulting in a BASF value of 0.4586(7).
The Rint value given is for all reflections and is based on agreement between observed single and
composite intensities and those calculated from refined unique intensities and twin fractions
(TWINABS (Sheldrick, 2012)).
Complete crystallographic data, in CIF format, have been deposited with the Cambridge
Crystallographic Data Centre. CCDC 2036492 (1-Mn) and 2036493 (2-Mn) contains the
supplementary crystallographic data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Computational Methods. Density functional theory (DFT) calculations were performed with
Gaussian 09 Rev. 01.111 Geometry optimizations were carried out at the unrestricted ωB97XD112,113 level of theory using the integral equation formalism (IEF)114–116 version of the polarizable
continuum solvent model (PCM)117,118 for acetonitrile. The LanL2DZ basis set was used for all
atoms.119–121 Cartesian coordinates for the optimized structures shown in Figure 46.
Electrochemical Measurements. Electrolysis solutions were freshly prepared before each
experiment. The complexes were weighed under red light and the prepared solutions and
electrochemical cells were shielded from ambient light during the experiment. A CH Instruments
600E Series potentiostat was used for all cyclic voltammetry and bulk electrolysis experiments.
The three-electrode setup of the cyclic voltammetry experiments was comprised of a glassy carbon
disk working electrode (3 mm dia., Bioanalytical Systems, Inc.), a platinum wire counter electrode,
and a silver wire quasi-reference electrode. Acetonitrile containing 0.1 M n-tetrabutylammonium

62

hexafluorophosphate (Bu4NPF6) as the supporting electrolyte was used in all electrochemical
studies. Ferrocene was added at the end of experiments and served as an internal standard to
reference the potential. Electrochemical cells were thoroughly degassed with N2 or CO2 for 10 to
20 minutes prior to each experiment. Controlled potential electrolyses (CPE) were conducted in
an airtight two-compartment cell with a glassy carbon rod working electrode (2 mm dia., type 2,
Alfa Aesar), a silver wire quasi-reference electrode, and a high-surface area platinum mesh counter
electrode. The counter electrode was placed inside a small isolation chamber, separated from the
main cell by a fine glass frit. The isolation chamber contained the same solution, but without
catalyst. The electrolysis solution in the working electrode compartment was continuously stirred
during experiments. Evolved gases were quantified by taking aliquots from the headspace using a
sealable gastight syringe for injection into the gas chromatograph. The electrolyzed solution was
analyzed by 1H NMR for liquid and solvated products at the end of the experiment.
Photochemical Measurements. A natural white light LED (Thor Laboratories,  > 400 nm) was
used as the light source in the photochemical experiments. The light source was adjusted to 1 sun
intensity (180 mW) by measuring the power intensity with a Coherent FieldMate™ laser power
meter with a Coherent PowerMax PM10 detector. Stock solutions of the catalysts and the
photosensitizer in anhydrous acetonitrile were freshly made under red light prior to each set of
experiments. The photocatalytic set-ups were assembled and degassed strictly under red light. In
a typical photocatalytic run, calculated amounts of the stock solutions of the catalyst and the
photosensitizer were added to an oven-dried Pyrex glass-tube. BIH, TEOA, and excess acetonitrile
were added to the tube before sealing it with a rubber septum. The solution was then vigorously
bubbled with CO2 or N2 for at least 20 min or until the excess acetonitrile was evaporated. The
solution was then exposed to the light source. Control experiments were performed by
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systematically removing one key component at a time. The headspace of the reaction tube was
sampled periodically to detect and quantify the gaseous products. The solvated products were
analyzed by 1H NMR after the end of the experiment. All experiments were triplicated and the
reported turnover numbers are the average of the three runs. Background values (TONs under inert
atmosphere) were subtracted from the reported values under catalytic conditions.
Product Analysis of Electro- and Photocatalytic Experiments. Gas samples were analyzed by
a custom Agilent 7890B Gas Chromatograph (Agilent PorapakQ column, 6 ft, 1/8 in. OD) with a
dual detector system (TCD and FID). The carrier gas used in the gas chromatograph was ultrahigh purity (UHP) nitrogen, purchased from NexAir LLC. Calibration curves were prepared from
commercial standards of known concentration obtained from buycalgas.com. The electrolyzed and
photolyzed solutions were examined by 1H NMR for solvated products. Formic acid was detected
and quantified by following a previously reported procedure.122 In this procedure, 0.8 mL of the
photolysis or electrolysis solution was first degassed by sparging N2. The evaporated solvent was
replenished with fresh acetonitrile. The solution was then reacted with 36 μL of DBU (1,8diazabicyclo[5.4.0]undec-7-ene) for 10 minutes in a sonicator. Then, 1.19 mM ferrocene solution
(1.16 mL) in CD3CN was added to the mixture. After thoroughly mixing the contents of the vial,
a 1H NMR spectrum (D1-delay = 10 seconds, number of scans = 200) was taken. The ratio of the
formate (~8.5 ppm) and ferrocene (~4.1 ppm) peak was compared to a calibration curve prepared
prior to the experiment with a wide range of formate concentrations.
Infrared Spectroelectrochemical (IR-SEC) Measurements. IR-SEC measurements were
performed using an Optically Transparent Thin-Layer Electrode (OTTLE) cell purchased from
Bio-Logic Science Instruments.48 The cell is comprised of an electrode assembly, inserted between
two CaF2 windows. The electrode assembly includes Pt minigrid working and counter electrodes
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and a Pt wire pseudo-reference electrode. The OTTLE cell was filled with freshly prepared and
thoroughly degassed 2.5 mM catalyst solution in CH3CN / 0.1 M Bu4NPF6 under inert condition
before each experiment. The cell was placed in a Bruker Tensor 27 FT-IR spectrometer and
connected to the potentiostat to perform linear sweep voltammetry and bulk electrolysis
experiments. The reported IR spectra were obtained by performing short-term bulk electrolysis
(>120 s) at different applied potentials corresponding to the voltammogram. The background
spectrum was recorded with a CH3CN / 0.1 M Bu4NPF6 solution without the catalyst.
Infrared Spectrophotochemical (IR-SPC) Measurements. IR-SPC measurements were
performed using a thin-layer FT-IR cell. The cell was placed in a Bruker Tensor 27 FT-IR
spectrometer and a natural white light LED was placed at a fixed distance from the cell. The light
beam was focused on the CaF2 window and the intensity was set to 180 mW. The FT-IR cell was
then filled with freshly prepared and thoroughly degassed solution containing 1.5 mM catalyst, 1.5
mM [Ru(bpy)3](PF6)2, and 50 mM BIH in CH3CN:TEOA (5:1). The solution was irradiated and
IR spectra were obtained every 30 s. During measurements, the cell was shielded from light by a
mechanical enclosure. A background spectrum was recorded with a CH3CN:TEOA (5:1) solution
containing 1.5 mM [Ru(bpy)3](PF6)2 and 50 mM BIH.
Turnover Frequency Measurements. The reported Turnover Frequencies (TOFs) in the main
text for electrocatalytic CO2 reduction were determined by the following electroanalytical
equations which relates the ratio of catalytic and non-catalytic current to the catalytic rate
constant.74
(eq 1)

𝑘𝑜𝑏𝑠 = 𝑘𝑐𝑎𝑡 [𝐶𝑂2 ]
𝑇𝑂𝐹 = 𝑘𝑜𝑏𝑠 =

3
𝐹𝑣𝑛𝑝

𝑅𝑇

2
0.4463 2 𝑖𝑐𝑎𝑡
( )
)
𝑛𝑐𝑎𝑡
𝑖𝑝

(eq 2)

(
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Here, icat is the limiting catalytic current, ip is the corresponding peak current in the absence of
substrate, kobs is observed (or apparent) rate constant, kcat is the catalytic rate constant, np is the
number of electrons transferred in the non-catalytic reduction, ncat is the number of electrons
transferred in the catalytic reaction, ν is the respective scan rate, F is Faraday’s constant, R is the
ideal gas constant, and T is the temperature in Kelvin.
In this equation, np = 1 and ncat = 2 for the conversion of CO2 to CO or HCO2H.
A series of cyclic voltammetry experiments were performed at optimum catalytic conditions for
each catalyst at increasing scan rates. Steady state conditions were achieved at faster scan rates
and the scan rate independent values are reported in the main text as estimated TOFs.
Faradaic Efficiency Measurements. In the controlled potential electrolysis experiments,
Faradaic efficiency (FE) was calculated using the following equation:

𝐹𝐸 (%) =

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 × 𝑛 × 100
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

Here, n = number of moles of electrons necessary to generate one mole of product; n = 2 for CO,
H2, and HCO2H production
Turnover Number and Carbon Selectivity Calculation. In photocatalytic experiments, turnover
numbers (TONs) and carbon selectivity (CS) are calculated using the following equations:123

𝑇𝑂𝑁 =

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑖𝑛 𝑎 𝑓𝑖𝑥𝑒𝑑 𝑝𝑒𝑟𝑖𝑜𝑑 𝑜𝑓 𝑡𝑖𝑚𝑒 𝑖𝑛 𝑚𝑚𝑜𝑙
𝑡𝑜𝑡𝑎𝑙 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑚𝑖𝑥𝑡𝑢𝑟𝑒 𝑖𝑛 𝑚𝑚𝑜𝑙

𝑇𝑂𝑁 𝑜𝑓 𝑎𝑙𝑙 𝑐𝑎𝑟𝑏𝑜𝑛 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
) × 100
𝐶𝑆 (%) = (
𝑇𝑂𝑁 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
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Synthetic procedures. Synthesis of 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]-imidazole
(BIH), Mn(bpy)(CO)3Br were reported previously.102,124 Ligands 2-([2,2'-bipyridin]-6-yl)aniline
(L1), 3-([2,2'-bipyridin]-6-yl)aniline (L2), and 4-([2,2'-bipyridin]-6-yl)aniline (L3) were prepared
following our previous report.18

Figure 29. The synthesis of the manganese tricarbonyl catalysts 1-Mn, 2-Mn and 3-Mn.

Common synthetic procedure of the reported metal complexes. An equimolar amount of the
respective ligand and Mn(CO)5Br were added to an oven-dried two-neck round bottom flask
connected to a reflux condenser. The flask was covered with aluminum foil to protect the contents
from ambient light. Then the flask was quickly evacuated and refilled with nitrogen three times.
Anhydrous and degassed ethyl ether (15 mL) was added to the flask with a syringe and the
suspension was refluxed for 12 h. The mixture was then cooled to room temperature and the
orange-yellow precipitate was filtered on a glass frit. The precipitate was then washed with a small
amount of ethyl ether and dried under vacuum.
[Mn(L1)(CO)3Br], 1-Mn. The title complex was prepared from ligand L1 (0.100 g, 0.404
mmol) and Mn(CO)5Br (0.111 g, 0.404 mmol) following the common synthetic procedure. Single
crystals suitable for X-ray diffraction were grown from a concentrated DMF solution by slow
67

diffusion of ethyl ether at 8 °C. The 1H NMR and FT-IR spectra in coordinating solvents contains
small peaks which are assigned to the product of solvolysis. Yield = 91% (0.171 g). Elem. Anal.
calc. for C19H13BrMnN3O3: C, 48.95; H, 2.81; N, 9.01. Found: C, 49.23; H, 2.94; N, 9.11. HRESI-MS (M+) m/z calc. for [1-Mn – Br–]+, 386.0338, Found, 386.0339. 1H NMR (acetone-d6, 300
MHz): δ 9.31 (br d, J = 4.92 Hz, 1H), 8.63 – 8.53 (m, 2H), 8.26 – 8.20 (m, 2H), 7.72 (br t, J = 6.0
Hz, 1H), 7.60 (d, J = 7.83 Hz, 1H), 7.31 – 7.23 (m, 1H), 7.15 (dd, J = 0.96 Hz, J = 7.53 Hz, 1H),
6.94 (d, J = 8.13 Hz, 1H), 8.53 (t, J = 7.44 Hz, 1H), 4.45 (br s, 2H). FT-IR (CH3CN) νCO: 2025,
1937, 1917 cm-1.
[Mn(L2)(CO)3Br], 2-Mn. The title complex was prepared from ligand L2 (0.100 g, 0.404
mmol) and Mn(CO)5Br (0.111 g, 0.404 mmol) following the common synthetic procedure. Single
crystals suitable for X-ray diffraction were grown from a concentrated DMF solution by slow
diffusion of ethyl ether at 8 °C. Yield = 83% (0.156 g). Elem. Anal. calc. for
C19H13BrMnN3O3.0.5H2O: C, 48.03; H, 2.97; N, 8.84. Found: C, 48.00; H, 2.91; N, 8.59. HR-ESIMS (M+) m/z calc. for [2-Mn – Br–]+, 386.0338, Found, 386.0189.

1

H NMR (acetone-d6, 300

MHz): δ 9.30 (d, J = 5.28 Hz, 1H), 8.58 (d, J = 8.22 Hz, 1H), 8.52 (d, J = 7.92 Hz, 1H), 8.24 –
8.17 (m, 2H), 7.71 (t, J = 6.42 Hz, 1H), 7.63 (d, J = 7.65 Hz, 1H), 7.22 (t, J = 7.71 Hz, 1H), 6.90
– 6.84 (m, 3H), 4.89 (br s, 2 H). FT-IR (CH3CN) νCO: 2025, 1937, 1914 cm-1.
[Mn(L3)(CO)3Br], 3-Mn. The title complex was prepared from ligand L3 (0.100 g, 0.404
mmol) and Mn(CO)5Br (0.111 g, 0.404 mmol) following the common synthetic procedure. Yield
= 86% (0.162 g). Elem. Anal. calc. for C19H13BrMnN3O3: C, 48.95; H, 2.81; N, 9.01. Found: C,
49.23; H, 2.86; N, 8.95. HR-ESI-MS (M+) m/z calc. for [3-Mn – Br–]+, 386.0338, Found,
386.0339.

1

H NMR (acetone-d6, 300 MHz): δ 9.29 (br d, J = 5.49 Hz, 1H), 8.55 (d, J = 8.16 Hz,

1H), 8.44 (dd, J = 1.0 Hz, J = 7.97 Hz, 1H), 8.21 (td, J = 1.5 Hz, J = 7.82 Hz, 1H), 8.14 (t, J =
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7.83 Hz, 1H), 7.72 - 7.67 (m, 1H), 7.62 (dd, J = 1.08 Hz, J = 7.74 Hz, 1H), 7.39 (br d, J = 8.52 Hz,
2H), 6.83 (br d, J = 8.52 Hz, 2H), 5.08 (br s, 2H). FT-IR (CH3CN) νCO: 2024, 1937, 1912 cm-1.
[Mn(L1)(CO)3(CH3CN)](PF6), [1-Mn]+. A two-neck round bottom flask containing 1-Mn
(0.050 g, 0.107 mmol) was covered with aluminum foil. The flask was then evacuated and refilled
with nitrogen three times. Anhydrous and degassed acetonitrile (10 mL) was added to the flask
and the solution was stirred for 10 minutes before AgPF6 (0.031 g, 0.123 mmol) was added against
positive pressure of nitrogen. The solution was stirred overnight at 45 °C. The suspension was then
cooled down and filtered through a pad of Celite®. The filtrate was concentrated in vacuo and
washed with a small amount of diethyl ether. Yield = 90% (0.055 g). HR-ESI-MS (M+) m/z calc.
for ([1-Mn]+ – CH3CN)+, 386.0338, Found, 386.0336. 1H NMR (acetone-d6, 300 MHz): δ 9.39 (br
d, J = 5.4 Hz, 1H), 8.74 (d, J = 8.07 Hz, 1H), 8.63 (dd, J = 0.75 Hz, J = 7.92 Hz, 1H), 8.50 (t, J =
7.92 Hz, 1H), 8.40 (td, J = 1.47 Hz, J = 7.89 Hz, 1H), 8.26 – 8.18 (m, 2H), 7.88 – 7.83 (m, 1H),
7.65 – 7.48 (m, 3H), 6.39 (br d, J = 10.47 Hz, 1H), 5.95 (br d, J = 10.35 Hz, 1H). 13C NMR (75
MHz, acetone-d6) δ 159.24, 158.90, 158.02, 155.76, 145.91, 142.49, 141.22, 133.65, 132.81,
129.68, 127.74, 127.52, 125.33, 124.14, 122.14, 121.73. FT-IR (CH3CN) νCO: 2045, 1961, 1945
cm-1.

3.3 RESULTS AND DISCUSSION
Synthesis and Structure of the Complexes. The catalyst series was synthesized by refluxing
Mn(CO)5Br with an equimolar amount of the appropriate ligand in anhydrous diethyl ether under
N2 atmosphere. Detailed synthetic procedures and characterization data are provided in the
Supporting Information (Figures 29 and B1-B8). In room temperature infrared and 1H NMR
spectra, the presence of a minor species of 1-Mn is visible in acetonitrile but absent in chloroform,
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a noncoordinating solvent (Figures 31). This minor species is the product of rapid solvolysis of the
pristine complex and is identified as the CH3CN-bound cation [1-Mn]+. The cation was also
independently synthesized by reacting 1-Mn with AgPF6 in dry acetonitrile to verify this
assignment.

Figure 30. FT-IR spectra of 1-Mn in chloroform (left) and in acetonitrile (right). Arrows in the right figure show the
progression of different peaks within a 120 s time period. The CO stretches of the evolving peaks in acetonitrile
solution match that of [1-Mn]+.

Figure 31. 1H NMR spectra of 1-Mn in CDCl3 (left) and in CD3CN (right). The small peaks in the right figure
indicate the formation of [Mn(L1)(CO)3(CD3CN)]+.
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X-ray quality crystals of 1-Mn and 2-Mn were grown by slow diffusion of diethyl ether
into concentrated solutions of the respective complexes in N,N-dimethylformamide (DMF).
Crystal structure and data refinement parameters are provided in Table 10. Solid-state structures
of the complexes show distorted octahedral geometries with the expected fac-Mn(CO)3 core
(Figure 32). Only one of two possible rotamers was found in both 1-Mn and 2-Mn where the
amine groups are syn to the bromo ligands. The aminophenyl group imposes several structural
changes relative to unsubstituted parent complex Mn(bpy)(CO)3Br (MnBpy) (Table S2).7 Steric
repulsion between the aminophenyl ring and an equatorial carbonyl elongates the Mn-N2 bond
and disrupts the planarity of the two pyridine donors. The Mn-Br1 bond distance is slightly longer
in 1-Mn relative to 2-Mn and MnBpy, which is consistent with the lability of the bromide ligand
in 1-Mn observed spectroscopically in solution. Notably, the amine nitrogen (N3) is 3.965(2) Å
from the bromine (Br1) in 1-Mn, suggesting a weak intramolecular interaction that favors the syn
conformation.

Figure 32. Crystal structures of 1-Mn (top) and 2-Mn (bottom) with thermal ellipsoids rendered at the 70%
probability levels. Hydrogen atoms and outer-sphere solvent molecules have been omitted for clarity.
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Table 10. Selected bond distances and angles of 1-Mn, 2-Mn, and Mn(bpy)(CO)3Br (MnBpy).
Selected bond
distancesa and

2-Mnb

1-Mn

MnBpyc

angles

Mn-N1

2.044(2)

2.042(2)

2.038(2)

2.044(2)

Mn-N2

2.088(2)

2.086(2)

2.084(2)

2.051(2)

Mn-C17

1.825(2)

1.820(3)

1.816(3)

1.820(2)

Mn-C18

1.799(3)

1.795(3)

1.800(3)

1.835(2)

Mn-C19

1.795(2)

1.803(3)

1.791(3)

1.813(2)

Mn-Br1

2.5419(6)

2.5253(5)

2.5262(5)

2.522(4)

N3-Br1

3.965(2)

6.426(3)

6.301(2)

-

N1-Mn-N2

78.38(7)

79.07(9)

78.97(9)

78.80(8)

Dihedral angled

73.09

57.99

65.29

-

Torsion anglee

-10.1(3)

-10.5(3)

8.8(3)

-2.12

All bond distances are reported in Angstroms (Å). bThe crystal of 2-Mn was a non-merohedral twin. Values are
reported for both components of the structure. cData obtained from reference 33. dDihedral angle between aminophenyl
ring and adjacent pyridyl ring. eTorsion angle between pyridine rings.
a

Electrochemistry and Electrocatalytic CO2 Reduction. Cyclic voltammetry experiments were
then conducted with the isomers under inert atmosphere in acetonitrile solutions containing 0.1 M
Bu4NPF6 to evaluate their redox properties. Cyclic voltammograms (CVs) were obtained with a
glassy carbon disk working electrode and internally referenced versus the ferrocenium/ferrocene
(Fc+/0) couple. Experimental details can be found in the Supporting Information. The CV of 1-Mn
exhibits one quasi-reversible redox event with two successive irreversible reductions (Figure 4).
This behavior is different from 2-Mn, 3-Mn, and the unsubstituted parent catalyst MnBpy
(Figures 33 and B9, Table 11). This deviation stems from the in situ solvolysis of the pristine
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complex in electrolyte solution. While reversibility of the first reduction improves with increasing
scan rate, no anodic waves corresponding to the subsequent reductions are observed at scan rates
up to 1 V/s. CVs of 2-Mn and 3-Mn show only one quasi-reversible broad reduction event at 1.78 and -1.79 V, respectively (Table 11). This behavior is similar to previously reported Mnbipyridyl complexes functionalized with a benzylic amine group at the 6 position of 2,2’bipyridine.98 Plotting the reductive peak current of the first reduction wave versus the square root
of the scan rate for each catalyst shows a linear dependency indicative of diffusion-controlled,
homogeneous systems (Figures B9-12).
Table 11. Reductive peak potentialsa of 1-Mn, 2-Mn, 3-Mn, and MnBpy from cyclic voltammetry of 0.5 mM
complex in anhydrous CH3CN / 0.1 M Bu4NPF6 solutions under N2 atmosphere.b

Catalyst

Ep1,c (V)

Ep2,c (V)

Ep3,c (V)

1-Mn

-1.56

-1.64

-1.74

[1-Mn]+

-1.55

-1.78

-

2-Mn

-1.78

-

-

3-Mn

-1.79

-

-

MnBpy

-1.77

-1.97

-

Potentials are versus Fc+/0, rounded to the nearest 0.01 V, and measured at ν = 100 mV/s. bGlassy carbon disk working,
platinum wire counter, and silver wire quasi-reference electrodes.
a
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Figure 33. CVs of 1-Mn, 2-Mn, and 3-Mn at 0.5 mm concentrations in CH3CN/0.1 m Bu4NPF6 under N2 (black),
CO2 (red), N2 with TFE (green), and CO2 with TFE (blue). The TFE concentration was selected on the basis of the
optimized condition. Scan rate=100 mV s-1; glassy carbon working electrode.

Next, the catalytic activity for CO2 reduction was studied in CO2-sparged acetonitrile
solutions. No appreciable current increase was observed under CO2 atmosphere in anhydrous
CH3CN solution. However, addition of a weak Brønsted acid, trifluoroethanol (TFE), to the
solution triggers catalysis as evident by moderate and large catalytic waves with peak currents
observed at around -1.6 and -2.2 V, respectively (Figure 33). This behavior is assigned to the
protonation-first and reduction-first pathways, respectively, that have been observed with other
fac-Mn(CO)3 type catalysts.84,90,98 The limiting catalytic currents (icat) at the two different potential
regimes increase linearly with increasing concentrations of added TFE before reaching a maximum
and subsequently falling to lower values (Figure B16). The maximum [TFE] for each complex is
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different and the best condition in each case is used to report the catalytic activities. It should be
noted that no catalytic current enhancement was observed in N2-saturated TFE solutions
suggesting that the catalysts are not active for proton reduction in the potential window
studied.11,14,77 In fact, comparing CVs of N2-sparged CH3CN / 0.1 M Bu4NPF6 solutions with
added TFE in the presence (Figure 32) and absence (Figure B17) of catalyst shows that the Mn
complexes actually suppress proton reduction at the glassy carbon electrode.
The catalytic current associated with the protonation-first pathway, observed at around 1.6 V, coincides with the first (or only) reduction of the complexes (Figure 32). The limiting
catalytic current at this low overpotential regime increases linearly with [TFE] up to a
concentration of 20%, 18%, and 20% (v/v) for 1-Mn, 2-Mn, and 3-Mn, respectively. While each
aniline-substituted catalyst outperforms MnBpy, the catalytic half-wave potential (Ecat/2) and the
ratio of icat/ip (where icat is the limiting catalytic current and ip is the corresponding peak current in
the absence of substrate) vary considerably across the series (Table 12), demonstrating the
importance of the primary amine’s position with respect to the active site. At a scan rate of 100
mV/s, the most prominent current enhancement (icat/ip = 5.7), which occurs at the most positive
catalytic potential (Ecat/2 = -1.47 V) within the series, is seen with 1-Mn. This current enhancement
is three times that of the unsubstituted benchmark catalyst MnBpy and at 230 mV lower
overpotential. Likewise, the remaining aniline-substituted catalysts show higher catalytic activity
at the first reduction relative to MnBpy and at ~110 mV more positive potential (Table 12).
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Figure 34. Cyclic voltammograms at different scan rates of 0.5 mM catalyst, A) 1-Mn, B) 2-Mn, C) 3-Mn, and D)
MnBpy in CO2-saturated CH3CN / 0.1 M Bu4NPF6 solutions containing 20%, 18%, 20%, and 20% TFE,
respectively.

Figure 35. A plot of TOF (s-1) vs scan rate (mV/s) for all four catalysts at the low overpotential regime. TOFs were
determined from the CVs in Figure 34 using eq 2 as described in the experimental section.
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The difference in overpotential clearly indicates that the enhanced catalytic performance
does not originate from differences in thermodynamic driving force, but rather from the secondcoordination sphere contributions of the pendant amine groups. The turnover frequency (TOF) of
each catalyst was estimated by performing a series of cyclic voltammetry experiments at the
optimal catalytic condition (see Experimental Section for details).74,77 Ideal “S-shaped” catalytic
waves were not observed for 2-Mn, 3-Mn, and MnBpy at scan rates up to 3 V/s; however, scan
rate independent TOF values were obtained at fast scan rates consistent with steady-state behavior
(Figures 34-37).74 The calculated TOFs of 1-Mn, 2-Mn, and 3-Mn at this low overpotential regime
are 33.5, 17.0, and 11.1 s-1, respectively.

Table 12. Summary of the results of electrocatalysis at the low overpotential regime [a]

[a]

Catalyst

Ecat/2 (V)

ɳ (V)[b]

icat/ip

TOF (s-1)

1-Mn

-1.47

0.11

5.7

33.5

2-Mn

-1.59

0.23

2.9

17.0

3-Mn

-1.58

0.22

3.2

11.1

MnBpy

-1.70

0.34

1.9

11.4

Potentials are versus Fc+/0, rounded to the nearest 0.01 V, and measured at ν = 100 mV/s. Glassy carbon disk working,

platinum wire counter, and silver wire quasi-reference electrodes. The catalytic parameters are measured in CO 2saturated CH3CN / 0.1 M Bu4NPF6 solutions containing 20%, 18%, 20%, and 20% TFE for 1-Mn, 2-Mn, 3-Mn, and
MnBpy, respectively. [b]Overpotential (ɳ) was calculated as, ɳ = │Ecat/2 – E0CO│. Here, the standard potential used for
CO2 reduction under these conditions is E0CO = -1.36 V.10,98
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Figure 36. Cyclic voltammograms at different scan rates of 0.5 mM catalyst, A) 1-Mn, B) 2-Mn, C) 3-Mn, and D)
MnBpy in CO2-saturated CH3CN / 0.1 M Bu4NPF6 solutions containing 15%, 6%, 15%, and 15% TFE, respectively.

Figure 37. A plot of TOF (s-1) vs scan rate (mV/s) for all four catalysts at the higher overpotential regime. TOFs
were determined from the CVs in Figure 36 using eq 2 as described in the experimental section.
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In the high overpotential regime, a significant catalytic wave appears at around -2.2 V for
each catalyst in the series. The more negative potential of this catalytic process is characteristic of
the so-called reduction-first pathway. A plot of the catalytic current versus the concentration of
added TFE reveals that the optimal concentration for 1-Mn, 2-Mn, and 3-Mn is 15%, 6%, and
15% TFE, respectively (Figure B16). Under these conditions, 1-Mn again shows the highest
activity among the four catalysts studied here (Figure 36). The estimated maximum TOFs were
determined as 901, 245, 296, and 102 s-1 for 1-Mn, 2-Mn, 3-Mn, and MnBpy, respectively (Figure
37, Table 12). We note that CVs obtained with 2-Mn and 15% TFE in CO2-saturated solution are
provided in Figure B15 for comparison.
These results demonstrate that the second-sphere functional groups enhance the catalytic
activity of the reduction-first pathway as well, where 1-Mn, possessing the shortest distance
between the amine and the active site, operates at a similar or lower overpotential compared to the
other catalysts and at a considerably faster rate. Indeed, 1-Mn exhibits a remarkable 9-fold
improvement in turnover frequency relative to parent catalyst Mn(bpy)(CO)3Br (901 vs 102 s-1,
respectively) at 150 mV lower overpotential, and has a TOF that is roughly three times that of 2Mn and 3-Mn (Table 13).

Table 13. Summary of the results of electrocatalysis at the high overpotential regime[a]
Catalyst

Ecat/2 (V)

ɳ (V)

icat/ip

TOF (s-1)

1-Mn

-1.95

0.59

51.0

901.4

2-Mn

-1.94

0.58

27.4

245.2

3-Mn

-2.02

0.66

26.2

296.0

MnBpy

-2.10

0.74

14.4

102.1
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[a]

Potentials are versus Fc+/0, rounded to the nearest 0.01 V, and measured at ν = 100 mV/s. Glassy carbon disk working,

platinum wire counter, and silver wire quasi-reference electrodes. The catalytic parameters are measured in CO 2saturated CH3CN / 0.1 M Bu4NPF6 solutions containing 15%, 6%, 15%, and 15% TFE for 1-Mn, 2-Mn, 3-Mn, and
MnBpy, respectively. [b]Overpotential (ɳ) was calculated as, ɳ = │Ecat/2 – E0CO│. Here, the standard potential used for
CO2 reduction under these conditions is E0CO = -1.36 V.10,98

A series of controlled potential electrolysis (CPE) experiments were conducted in an
airtight electrochemical cell to characterize the reaction products and to examine the selectivity
and stability of the complexes (Figures 38-39). The headspace of the cell was analyzed by gas
chromatography and the electrolyzed solutions were analyzed by 1H NMR to detect and quantify
solvated products. Details of the experimental setup, product quantification, and Faradaic
efficiency (FE) calculations can be found in the Experimental Section.
All of the aniline-substituted catalysts were found to be selective toward CO production
with high Faradaic efficiencies. Bulk electrolyses performed near the plateau current potential
confirm the consistent and selective production of CO with FEs ≥ 70% and ≥ 76% at the low and
high overpotential regimes, respectively (Table 14). Trace amounts of formate (FE ≤ 5%) were
also detected by NMR for each catalyst.

Importantly, no H2 was detected in any of the

experiments, consistent with the cyclic voltammetry conducted under N2 atmosphere with added
TFE. In an effort to optimize the applied potential, a series of CPEs were performed with 1-Mn at
different potentials and the catalyst was found to be selective for CO2 reduction at all applied
potentials studied (Table S4) with no significant change in FECO.
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Figure 38. Representative charge versus time plots for controlled potential electrolyses at the low overpotential
regime of 1-Mn (red), 2-Mn (blue), and 3-Mn (black). Conditions: 0.5 mM catalyst in CO2-saturated CH3CN / 0.1
M Bu4NPF6 solution containing 20%, 18%, and 20% TFE for 1-Mn, 2-Mn, and 3-Mn, respectively. A background
CPE was performed in the absence of catalyst in CO2-saturated CH3CN / 0.1 M Bu4NPF6 solution containing 20%
TFE. Glassy carbon rod working, Pt mesh counter, and Ag wire pseudo-reference electrodes.

Figure 39. Representative charge versus time plots for controlled potential electrolyses at the high overpotential
regime of 1-Mn (red), 2-Mn (blue), and 3-Mn (black). Conditions: 0.5 mM catalyst in CO2-saturated CH3CN / 0.1
M Bu4NPF6 solution containing 15%, 6%, and 6% TFE for 1-Mn, 2-Mn, and 3-Mn, respectively. A background
CPE was performed in the absence of catalyst in CO2-saturated CH3CN / 0.1 M Bu4NPF6 solution containing 15%
TFE. Glassy carbon rod working, Pt mesh counter, and Ag wire pseudo-reference electrodes.
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Table 14. Summary of the controlled potential electrolysis (CPE) experiments[a]
Low Overpotential Regime

High Overpotential Regime

Catalyst

[a]

Eappl (V)

H+ source

Charge

FECO (%)

Eappl (V)

H+ source

Charge

FECO (%)

1-Mn

-1.53

20% TFE

1.97±0.07

75±2

-2.05

25% TFE

4.83±0.17

83±3

2-Mn

-1.65

18% TFE

0.84±0.03

83±4

-2.10

6% TFE

4.44±0.09

76±2

3-Mn

-1.65

20% TFE

0.56±0.06

70±3

-2.17

20% TFE

3.05±0.12

93±3

MnBpy

-1.80

20% TFE

0.51±0.04

73±3

-2.30

20% TFE

2.42±0.08

77±3

All CPEs were performed in an airtight two-chamber electrochemical cell equipped with a glassy carbon rod

working electrode, silver wire pseudo-reference electrode, and platinum mesh counter electrode. The electrode
chambers were separated with a fine glass frit. The working electrode chamber contained 0.5 mM catalyst in CO 2saturated CH3CN / 0.1 Bu4NPF6 solution. [b] The applied potentials were reported versus Fc+/0 and correspond the peak
catalytic current observed for each system. [c] Accumulated charges and FEs are reported as the average of three runs.
Formic acid was detected in all experiments with FE ≤ 5%. No quantifiable H 2 was detected during 1 h electrolysis.

Infrared Spectroelectrochemical Analysis. Infrared spectroelectrochemistry (IR-SEC) was
conducted under inert atmosphere to investigate the possible pathways to generate the catalytically
active 2e– reduced species.7,16 At resting potential, all three complexes show three characteristic
CO vibrational modes (νCO) at similar frequencies compared to MnBpy (Tables 15 and B5). We
note that ligand exchange is noticeably faster and more complete in the supporting electrolyte
solution used for IR-SEC compared to neat acetonitrile, and 1-Mn readily dissociates the Br–
ligand giving rise to peaks corresponding to [1-Mn]+ (Figure 40). Complex 2-Mn also shows an
equilibrium with [2-Mn]+ under these conditions, but dissociation occurs to a much smaller extent.
With an applied potential at the onset of the first reduction wave, peaks associated with [1-Mn]+
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start to diminish and a set of lower energy peaks emerge. In order to assign these peaks we also
performed IR-SEC experiments on [1-Mn]+, from which the same three lower energy peaks
appeared at a similar applied potential (Figure 41). Thus, we assign this species to
[Mn(L1)(CO)3(CH3CN)]• (L1 = ortho-substituted bipyridyl ligand).
Table 15. Summary of IR-SEC experiments[a]

Complex

1-Mn

2-Mn

3-Mn

Mn(L)(CO)3Br

2025, 1937, 1917

2025, 1937, 1914

2024, 1937, 1912

[Mn(L)(CO)3(CH3CN)]+

2045, 1961, 1945

2044[b]

-

[Mn(L)(CO)3(CH3CN)]●

2013, 1915, 1902

-

-

[Mn(L)(CO)3]●

1974, 1890, 1872

-

-

[Mn(L)(CO)3]2

1974, 1930, 1872, 1847

[Mn(L)(CO)3]–
[a]

1976, 1929, 1875,
1848

1974, 1929, 1876, 1845

1912,

1911,

1910,

1811 (br)

1810 (br)

1810 (br)

The IR spectra are shown in Figures S26-S29. Experimental νCO frequencies of related complexes are summarized

in Table S3. [b] Lower energy peaks are overlapped by the prominent species (2-Mn) in the solution.

When the applied potential was shifted more cathodically, a new intermediate began to
appear at the expense of the aforementioned species. The νCO stretches of this intermediate are
consistent with a Mn0-Mn0 dimeric complex.7 Further scanning toward the third reduction wave
produces a concomitant rise in CO stretches corresponding to the five-coordinate radical species
[Mn(L1)(CO)3]• and the 2e– reduced anion [Mn(L1)(CO)3]–.83 The radical species could not be
spectroscopically isolated because the carbonyl absorption bands of the latter species grow in
intensity as the potential is held for longer times.
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Figure 40. IR-SEC reduction of 1-Mn under N2 atmosphere at the first two reduction waves (a) and at the onset of
the third reduction wave (b). The assigned species are color-coded as follows: Mn(L1)(CO)3Br (black),
[Mn(L1)(CO)3(CH3CN)]• (pink), [Mn(L1)(CO)3]2 (red), [Mn(L1)(CO)3)]• (green), and [Mn(L1)(CO)3)]− (blue)
where L1 = the bipyridyl ligand. The black, pink, and red lines are dotted in (b) for clarity.

Figure 41. IR-SEC reduction of [1-Mn]+ under N2 atmosphere at onset and the peak of the first reduction waves (a)
and at the onset of the second reduction wave (b). The assigned species are color-coded as follows:
[Mn(L1)(CO)3(CH3CN)](PF6) (black), [Mn(L1)(CO)3(CH3CN)] (pink), [Mn(L1)(CO)3]2 (red), [Mn(L1)(CO)3)]
(green), and [Mn(L1)(CO)3)]− (blue) where L1 = the bipyridyl ligand. The black, pink, and red lines are dotted in
(b) for clarity.

IR-SEC of 2-Mn and 3-Mn is more straightforward and similar to that of MnBpy. Clean
formation of [Mn(L)(CO)3]2 and [Mn(L)(CO)3]– is observed at applied potentials corresponding
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to the onset and peak of the first reduction wave, respectively (Figures 42-43). No other
intermediate species were detected on the IR-SEC timescale for these two complexes. We note
that the dinuclear intermediates were not observed with the rhenium analogues of 1-Mn and 2-Mn
in IR- or UV-Vis-SEC experiments. In addition, no solvolysis was observed with the pristine
rhenium complexes.18

Figure 42. IR-SEC reduction of 2-Mn under N2 atmosphere. The assigned species are color-coded as follows:
Mn(L2)(CO)3Br (black), [Mn(L2)(CO)3]2 (red), and [Mn(L2)(CO)3)]− (blue) where L2 = the bipyridyl ligand.

Figure 43. IR-SEC reduction of 3-Mn under N2 atmosphere. The assigned species are color-coded as follows:
Mn(L3)(CO)3Br (black), [Mn(L3)(CO)3]2 (red), and [Mn(L3)(CO)3)]− (blue) where L3 = the bipyridyl ligand.
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Photocatalytic CO2 Reduction. The high performance of the Mn complexes under
electrocatalytic conditions encouraged us to explore their activity in photochemical CO2 reduction.
Photochemical experiments were performed in a CH3CN:triethanolamine (TEOA) solvent mixture
using [Ru(bpy)3](PF6)2 as an external photosensitizer, 1,3-dimethyl-2-phenyl-2,3-dihydro-1Hbenzo[d]imidazole (BIH) as a sacrificial electron donor, and a solar-simulated light source. Control
experiments were performed to confirm that the presence of each component in the reaction
mixture is essential for generating CO/HCO2H from CO2 (Table B6).
All of the Mn complexes were found to produce CO as the primary CO2 reduction product
along with HCO2H as a minor product (Table 5). Under identical photochemical conditions, 1-Mn
was found to be the best catalyst in the series having TONs of 121 and 23 for CO and HCO2H
production, respectively, with a carbon selectivity (CS) of 96% (Figure 5A). A Hg drop
homogeneity experiment125 was performed with 1-Mn, which showed nearly identical
photocatalytic activity in the presence and absence of elemental mercury in the reaction mixture
(Figure B17). Catalyst 2-Mn performed similarly to that of MnBpy in regards to CO production.
The least active catalyst in the series was 3-Mn, which performed worse than the parent complex.
Additional studies with the best catalyst 1-Mn demonstrate that lowering the catalyst concentration
elevates the observed TONs for CO2 reduction, presumably because deleterious bimolecular
catalyst-catalyst deactivation pathways are minimized as previously proposed.21,123 Very low
catalyst concentrations may also provide insight into how site-isolated surface-bound
photocatalysts will behave. Indeed, high stability has been observed with rhenium-based
photocatalysts immobilized in a porous organic polymer.126 Interestingly, the product selectivity
shifts significantly toward HCO2H production as the catalyst concentration is lowered (Figure
44B). Similar experiments were performed with MnBpy to compare the results to those with 1-
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Mn (Table 16). A shift in product selectivity was also observed with MnBpy, but to a smaller
extent, suggesting that the aniline substitution plays an important role in this phenomenon. To the
best of our knowledge, this concentration-dependent switch in product selectivity for
photocatalytic CO2 reduction with homogeneous Mn(CO)3 type systems has not been previously
described.

Figure 44. A) CO formation vs. time by photocatalytic CO2 reduction with 1-Mn, 2-Mn, 3-Mn, and MnBpy. The
data is average of three runs and contains ±5% deviation. Condition: 0.1 mm catalyst, 0.1 mm [Ru(bpy)3]2+, 50 mm
BIH in CO2 saturated CH3CN/TEOA (5:1) solution. B) Product ratio vs. catalyst concentration for CO 2
photoreduction by 1-Mn. Concentrations of [Ru(bpy)3]2+ and BIH were kept constant for all studies.

Table 16. Summary of the results of photocatalysis[a]

Catalyst

[Catalyst]

CO (TON)

(mM)

HCO2H

H2 (TON)

CS (%)

(TON)

1-Mn

0.1

121

23

6

96

2-Mn

0.1

35

5

<1

95

3-Mn

0.1

16

3

<1

95

87

MnBpy

0.1

33

23

3

95

1-Mn

0.01

161

76

30

89

1-Mn

0.001

247

680

105

90

1-Mn

0.0001

2340

4760

680
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[a]

All experiments were performed in CH3CN:TEOA (5:1) in presence of the specified amount of catalyst, 0.1 mM

[Ru(bpy)3](PF6)2, and 50 mM BIH under CO2 atmosphere. Turnover numbers (TON) are calculated based on
[catalyst]. The TON values are reported as the averages of three runs and have ≤ 5% deviations associated with them.
Irradiation time = 12 h. Solar-simulated LED light source.

We note that Reisner and coworkers have reported tunable productive selectivity using
pyrene-functionalized Mn(bpy)(CO)3Br catalysts anchored to carbon nanotube electrodes as a
function of catalyst surface loading.127 At higher surface loadings, CO formation was favored via
a dimeric Mn0-Mn0 intermediate while formate production was significantly enhanced at lower
surface loadings, presumably via a monomeric Mn-hydride species. This behavior is consistent
with the concentration-dependent product selectivities reported here. A similar observation was
reported by Kang and co-workers with a phosphonate-functionalized Mn(bpy)(CO)3Br system
attached to a dye-sensitized TiO2 platform for photocatalytic CO2 reduction, which exhibited a
surface-loading dependence favoring formate production at low catalyst loadings.128 These results
demonstrate that site isolation (or very low catalyst concentrations in the present homogeneous
study) of molecular MnBpy-type catalysts can determine product selectivity, where HCO2H (or
HCO2–) production is favored via a mononuclear catalytic cycle.
In situ IR studies in a N2-sparged solution of 1-Mn in the presence of TEOA, BIH, and the
PS were performed in a thin-layer cell to detect the intermediates leading to the active catalytic
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species of photochemical CO2 reduction (Figure 45). The νCO frequencies associated with the
intermediates observed in this experiment are given in Table S8, along with those of related
intermediates detected by IR spectrophotochemical and spectroelectrochemical reduction of
reported Mn complexes. During photocatalysis, [Ru(bpy)3]2+ is photoexcited and reductively
quenched by BIH before the electron is transferred to the Mn complexes.16,129,130 As discussed
above, catalysis can occur by two different pathways depending on the driving force. Given the
reduction potential of [Ru(bpy)3]+ is -1.71 V vs Fc+/0,130,131 our photocatalytic system presumably
follows the low-overpotential protonation-first and CO2 insertion-first pathways in producing CO
and HCO2H, respectively, as summarized in Figure 1

Figure 45. In situ IR spectrophotochemical reduction of 1-Mn under N2 atmosphere. The assigned species are colorcoded as follows: Mn(L1)(CO)3Br and [Mn(L1)(CO)3(CH3CN)]+ (black), [Mn(L1)(CO)3]2 (red), [Mn(L1)(CO)3H]
(green), and [Mn(L1)(CO)3)]− (blue) where L1 = the bipyridyl ligand.

In the CH3CN/TEOA solution nearly all of 1-Mn is quickly converted into [1-Mn]+.
Previous studies of MnBpy type catalysts suggest that after 1e– reduction and Br– dissociation,
formation of a dimeric species is observed. Indeed, upon irradiation, the initial CO bands of 1-Mn
diminish and a new set of peaks appear which resemble the dimeric species [Mn(L1)(CO)3]2
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observed in IR-SEC. Longer light exposure results in the concurrent decay of the dimeric species
and growth of a species which is tentatively assigned to [Mn(L1)(CO)3H]• with C-O stretching
frequencies νCO at 1988, 1895, and 1882 (sh) cm-1.98,99 Peaks consistent with [Mn(L1)(CO)3]–
evolve when the solution is irradiated for a prolonged period of time (~3 min). Importantly, the
hydride species observed during this experiment is consistent with the generation of HCO2H via
CO2 insertion into the metal-hydride during the catalytic cycle.16 The hydride intermediate can
also be protonated to produce H2, which was detected as a minor product in the photolysis
experiments. The protons required for these reactions can be supplied by BIH+ or TEOA during
photolysis.
The production of formic acid generally proceeds via a metal-hydride intermediate;
however, the hydricity of the metal-hydride species relative to that of formate is a critical factor
that dictates the reaction energetics.132–134 The hydricity of formate has been experimentally
determined to be 44 kcal/mol in acetonitrile.135 Therefore, any metal-hydride that is capable of
hydride transfer to CO2 to generate formate should possess a hydricity that is less than 44 kcal/mol
in order for the reaction to be exergonic.132–134 The calculated hydricity of a relevant benzylaminesubstituted Mn(bpy)(CO)3H species, [Mn-H]0, was recently reported as 48.4 kcal/mol, which
accounts for a slow transfer of hydride to CO2 to produce formate.98 We expect the hydricity of
the corresponding metal-hydride of 1-Mn to be similar and capable of slow hydride transfer to
CO2, consistent with the formation of HCO2H as one of the reduced carbon products.

Role of the Primary-Amines in Catalysis. Previously it has been demonstrated that amide,
amine, and urea groups in the second-coordination sphere of iron porphyrins,91,136 a cobalt
macrocycle,12 and fac-M(bpy)(CO)3X type systems36,84,90 can boost catalysis by either directly
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interacting with the catalytic intermediate or by creating a hydrogen-bonding network with
neighboring Brønsted acid molecules to stabilize the intermediate. In addition to nitrogen-based
functional groups, other notable examples include the addition of phenolic,10,99 ether,84,92 and
imidazolium90 moieties on the ligand framework. We hypothesized that the primary amine groups
will engage in hydrogen-bonding interactions during catalysis and accelerate C-O bond cleavage
/ O-H bond formation to eliminate water. In line with previous reports on the distance-dependent
catalytic performance of second-coordination sphere modified catalysts,18,91,99,137 1-Mn should
have the greatest advantage due to the close proximity of the -NH2 group to the catalytic center
following bromide dissociation. Catalysts 2-Mn and 3-Mn also have an advantage relative to
unsubstituted MnBpy, but to a lesser extent given the greater distances between the amine and the
active site. The electrochemical and light-driven catalytic reactions reported herein clearly support
our hypothesis and reveal a beneficial role of -NH2 groups in the ligand structure.
Given the short distance between the amine and the active site of 1-Mn, we anticipate that
the amine can hydrogen bond directly with the manganese-carboxylate and -carboxylic acid
intermediates. DFT calculations were performed to assess the feasibility of these interactions in 1Mn. As shown in the optimized geometries of Figure S32, the amine can engage in H-bonding
with the CO2-adduct with an O---H distance of 1.79 Å, well within the range of typical O---H
hydrogen bonding interactions.138 Likewise, a hydrogen bond between the amine and the
carboxylic acid adduct is observed with an O---H distance of 1.935 Å. These calculations do not
preclude the possibility that the amines indirectly enhance catalysis by organizing the Brønsted
acid molecules around the active site for more efficient proton transfer, but they demonstrate that
the second-sphere functionality of 1-Mn is capable of direct interaction with CO2-derived
intermediates during catalysis.
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Figure 46. DFT-optimized geometries of the metallocarboxylate (left) and metallocarboxylic acid (right)
intermediates of 1-Mn using the ωB97X-D functional and the LanL2DZ basis set for all atoms. A polarizable
continuum solvent model for acetonitrile was implemented within the Gaussian09 program.

In addition to enhancing the activity of the catalysts, the aniline substituents also anodically
shift the catalytic potentials. This affect is most apparent in the low overpotential regime. Catalysis
at two different potential regimes has been observed before with fac-Mn(bpy)(CO)3X type
catalysts with second-coordination sphere methoxyphenyl,84 benzylic amine,98 and imidazolium90
functional groups appended to the ligand framework. It is evident from the electrochemical data
that the close proximity of the primary amine group to the active site in 1-Mn results in the most
effective second-sphere catalytic enhancement of the protonation-first pathway, which notably
occurs at the lowest overpotential (110 mV) within the series. The second-sphere amine groups
also influence catalysis in the high overpotential regime by significantly enhancing the TOF
compared to the unsubstituted counterpart (MnBpy). The measured TOF values follow the
expected trend with the values changing according to the distance between the -NH2 group to the
Mn center (1-Mn > 2-Mn > 3-Mn ≥ MnBpy). Indeed, the TONs in the photocatalytic experiments
also follow a similar trend within the aniline-substituted series (1-Mn > 2-Mn > 3-Mn). However,
3-Mn was found to be less active photocatalytically than the parent MnBpy catalyst.
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Our spectroscopic investigations reveal that 1-Mn converts into [1-Mn]+ in coordinating
solvents. The intramolecular interaction between the -NH2 group and the bromide ligand in 1-Mn
is likely responsible for labilizing the Mn-Br bond in the absence of external stimuli. This
occurrence expedites the formation of the catalytically active species, affording this catalyst a
competitive advantage.
In addition to being a hydrogen-bond donor, primary amine groups have also been
incorporated into the ligand framework of CO2 reducing electrocatalysts to provide stability to the
complex during catalysis139 and as a substrate (CO2) capturing agent. Recently, it was
experimentally demonstrated that appended aniline, benzylic amine, and thiourea groups can
interact with dissolved CO2,36,98,140 which ultimately boosts the catalytic activity by increasing the
local concentration of substrate near the catalytic center. However, FT-IR and 1H NMR
experiments eliminate this possible function of the aniline groups in our series (Figures S33-S34).

Figure 47. 1H NMR spectra of 1-Mn and 3-Mn in CD3CN before (purple) and after (blue) sparging the solution
with CO2 for 15 min.
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Figure 48. FT-IR spectra of 1-Mn, 2-Mn, and 3-Mn in acetonitrile before (black) and after (red) sparging the
solution with CO2 for 15 min.

Neumann and coworkers have reported a Re(bpy)(CO)3Cl-based catalyst featuring a
pendant thiourea group that can act as an internal proton source.36 To investigate this possibility
for the aniline-substituents in 1-Mn, 2-Mn, and 3-Mn, varying concentrations of free aniline were
added to CO2-saturated anhydrous CH3CN solutions containing 0.5 mM of each catalyst including
MnBpy (Figure 49). Under these conditions, no catalytic current increase was observed. In fact,
the catalytic current decreases with increasing concentrations of aniline in solution. This precludes
the function of aniline as an internal proton source in these systems. We also explored whether
aniline could independently serve as a co-catalyst in the presence of a proton source. However, a
noticeable decrease in catalytic current was observed with the addition of aniline to CO2-saturated
catalyst solutions containing 15% TFE in CH3CN (Figure 50). This observation highlights the
importance of a properly positioned intramolecular hydrogen-bond donor during catalysis.
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It is worth mentioning that the previously reported rhenium analogue of 1-Mn showed
signs of catalyst deactivation under anhydrous CH3CN conditions and had a low Faradaic
efficiency of 38% for CO production.18 In the presence of a proton source (4% TFE), 1-Re
exhibited good stability and a FE of 89% for CO evolution. We postulated that the primary amine
of 1-Re was able to bind to the reduced metal center and inhibit catalysis. In this work, no obvious
deactivation was observed with 1-Mn during CO2 reduction with added TFE. A comparison to 1Re could not be made under anhydrous conditions as 1-Mn requires a proton source to initiate
catalysis.

Figure 49. Effect of aniline on catalysis. Cyclic voltammograms of 0.5 mM catalyst A) MnBpy and B) 2-Mn with
increasing amounts of added aniline (with respect to [catalyst]) in CO 2-saturated CH3CN / 0.1 M Bu4NPF6 solution,
ν = 100 mV/s.
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Figure 50. Effect of aniline in catalysis. Cyclic voltammograms of 0.5 mM catalyst A) MnBpy and B) 2-Mn with
increasing amounts of added aniline (with respect to [catalyst]) in CO 2-saturated CH3CN / 0.1 M Bu4NPF6 solution
containing 15% TFE, ν = 100 mV/s.

3.4 CONCLUSION
We have developed a series of highly active aniline-substituted manganese bipyridyl catalysts for
electro- and photo-driven CO2 reduction. These catalysts feature pendant -NH2 groups at welldefined distances from the metal center, which can promote beneficial second-sphere interactions
during the catalytic cycle. As expected, a pronounced structure-activity relationship was observed
where the catalyst with the -NH2 group in closest proximity to the metal center (1-Mn) exhibits
superior catalytic performance relative to the other complexes studied under both electro- and
photocatalytic conditions. Importantly, 1-Mn does not succumb to deactivation by deleterious
coordination of the amine to the metal center as proposed for its rhenium counterpart.18 Overall
the reported manganese catalysts are significantly more active than their rhenium analogues.
Additionally, the hydrogen-bonding interactions engendered by the aniline groups promote the
much sought-after “protonation-first pathway”, which allows the catalysts to perform at a
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significantly lower overpotential. The catalytic potential in the low overpotential regime of 1-Mn
is lower or comparable to state-of-the-art manganese bipyridyl catalysts with benzylic alkylamine
or imidazolium groups in the second-coordination sphere (Table B9). Furthermore, the
overpotentials, turnover frequencies, and selectivities of this series at the higher overpotential
regime compare favorably to other known homogeneous manganese-based catalysts (Table B9).
Photocatalytic experiments with the aid of an external photosensitizer shows that the catalysts
reported herein can mediate the 2e– reduction of CO2 to CO and HCO2H with exceptional carbon
selectivity. Catalyst 1-Mn compares favorably to reported manganese tricarbonyl photocatalysts,
including those with second-coordination sphere functional groups (Table B10). This report
establishes that aniline moieties can serve as effective second-coordination sphere pendants,
significantly enhancing the catalytic CO2 reduction activity of the studied manganese catalysts
while reducing their overpotential and maintaining high product selectivity.
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CHAPTER 4
ELECTROCATALYTIC CO2 REDUCTION WITH CIS AND TRANS CONFORMERS OF A
RIGID DINUCLEAR RHENIUM COMPLEX: COMPARING THE MONOMETALLIC AND
COOPERATIVE BIMETALLIC PATHWAYS

Adapted with the permission from Yang, W; Sinha Roy, S; Pitts, W. C.; Nelson, R. L.; Fronczek,
F. R.; Jurss, J. W. Inorg. Chem. 2018, 57, 9564−9575. DOI: 10.1021/acs.inorgchem.8b01775

Copyright © 2019 American Chemical Society.
(See appendix for permission license)
Preface regarding contributions from researchers other than Sayontani Sinha Roy:
Weiwei Yang synthesized the ligands and Rhenium complexes. Rebekah Nelson assisted in the
synthetic procedure. Winston pitts did the computational studies.

Anthracene-bridged dinuclear rhenium complexes are reported for electrocatalytic CO2
reduction to CO. Related by hindered rotation of each Re active site to either side of the anthracene
bridge, cis and trans conformers have been isolated and characterized. Electrochemical studies
reveal distinct mechanisms, whereby the cis conformer operates via cooperative bimetallic CO2
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activation and conversion, and the trans conformer reduces CO2 through well-established singlesite and bimolecular pathways analogous to Re(bpy)(CO)3Cl. Higher turnover frequencies are
observed for the cis conformer (35.3 s-1) relative to the trans conformer (22.9 s-1), with both
outperforming Re(bpy)(CO)3Cl (11.1 s-1). Notably, at low applied potentials, the cis conformer
does not catalyze the reductive disproportionation of carbon dioxide to CO and CO32– in contrast
to the trans conformer and mononuclear catalyst, demonstrating that the orientation of active sites
and structure of the dinuclear cis complex dictate an alternative catalytic pathway. Further, UVVis spectroelectrochemical experiments demonstrate that the anthracene-bridge prevents
intramolecular formation of a deactivated Re-Re bonded dimer. Indeed, the cis conformer also
avoids intermolecular Re-Re bond formation.
4.1. INTRODUCTION
Roughly 85% of the world’s energy is derived from burning nonrenewable fossil fuels that
generate greenhouse gases.141 Carbon dioxide is the chief component of this waste stream which
has been linked to climate change and other environmental concerns.3,142 Renewable energy
sources such as wind and solar are attractive, but they are intermittent, site specific, and
geographically diffuse. Additionally, they require energy storage before they can be relied on to
power society.143 To address this challenge while reducing CO2 emissions, solar energy or
renewable electricity can be used to drive the conversion of carbon dioxide and water into fuels
whereby energy is stored indefinitely in the form of chemical bonds for on-demand use. The
efficient catalytic conversion of CO2 into energy-rich compounds could close the carbon cycle and
allow an underutilized resource to be tapped into.4–6,95,96,144
Molecular metal-based catalysts for CO2 reduction have been widely pursued as transition
metals generally have multiple redox states accessible to facilitate multi-electron chemistry. The
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bulk of these catalysts employ a single metal center.4–6 Re(bpy)(CO)3Cl (where bpy is 2,2’bipyridine) and related derivatives continue to attract attention as competent electrocatalysts for
CO2 reduction, in addition to being single component photocatalysts.8,13,34,37,55,61,63,70,76,145–150
Recently, these systems have been functionalized with phosphonate anchoring groups for surface
attachment to photocathodes where they exhibit long-term stability for CO2 reduction.151–156
Successful translation of these catalysts into working devices emboldens their continued
development where lower overpotentials and faster rates are remaining challenges.
Mechanistic studies of Re(bpy)(CO)3X-type catalysts have provided evidence for the
concentration-dependent

formation

of

dinuclear

intermediates

during

catalysis.7,15,56,57,62,63,65,66,126,147,157,158 Indeed, bimetallic and monometallic pathways exist as dimer
formation is in competition with CO2 reduction at a single metal.65 Disentangling the contributions
of competing pathways, in addition to the transient nature of their respective intermediates, has
made it difficult to assess the possible advantages of two metal centers in activating and reducing
CO2 in a cooperative fashion. A beneficial interaction between two active sites is further clouded
as a Re-Re bonded dimer has been indicted as a deactivated intermediate.66,126
Several bimetallic catalyst designs have been pursued based on flexible alkyl tethers159,160
or hydrogen bonding interactions,87,161 which suffer from a lack of rigidity and variable solution
compositions. Other examples feature dinucleating scaffolds that preclude intramolecular
bimetallic CO2 activation and conversion.162–165 Thus, the desirable design parameters surrounding
this approach are poorly understood. In this context, we sought to develop catalysts with a rigid
dinucleating ligand that positions two rhenium active sites in close proximity with a predictable
intermetallic distance and orientation (Fig 51). The ability to isolate and even select from
competing mechanisms (i.e. bimetallic vs monometallic pathways) would allow us to compare and
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understand differences in efficiency, activity, and stability. Herein the synthesis, characterization,
and electrocatalytic activity of homogeneous cis and trans conformers of a Re2 catalyst supported
by an anthracene-based polypyridyl ligand are described.

Figure 51. Synthesis of 1,8-di([2,2'-bipyridin]-6-yl)anthracene 1 and its bimetallic Re(I) conformers, cis-Re2Cl2 and
trans-Re2Cl2.

4.2 EXPERIMENTAL SECTION
Materials and Methods. Unless otherwise noted, all synthetic manipulations were
performed under N2 atmosphere using standard Schlenk techniques or in an MBraun glovebox.
Toluene was dried with a Pure Process Technology solvent purification system. Anhydrous N,Ndimethylformamide (DMF) was purchased from Alfa Aesar, packaged under argon in ChemSeal
bottles. The rhenium precursor Re(CO)5Cl was purchased from Strem and stored in the glovebox.
All other chemicals were reagent or ACS grade, purchased from commercial vendors, and used
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without further purification. 1H and

13

C NMR spectra were obtained using a Bruker Advance

DRX-500 spectrometer operating at 500 MHz (1H) or 126 MHz (13C). Spectra were calibrated to
residual protiated solvent peaks; chemical shifts are reported in ppm. Electrospray ionization mass
spectra (ESI-MS) were obtained with a Waters SYNAPT HDMS Q-TOF mass spectrometer. UVVis spectra were recorded on an Agilent / Hewlett-Packard 8453 UV-Visible Spectrophotometer
with diode-array detector. Infrared spectra were obtained on an Agilent Technologies Cary 600
series FTIR spectrometer equipped with a PIKE GladiATR accessory.
Electrochemical Measurements. Electrochemistry was performed with a Bioanalytical
Systems, Inc. (BASi) Epsilon potentiostat. Cyclic voltammetry studies employed a three-electrode
cell equipped with a glassy carbon disc (3 mm dia.) working electrode, a platinum wire counter
electrode, and a silver wire quasi-reference electrode that was referenced using ferrocene as an
internal standard at the end of experiments. Electrochemistry was conducted in anhydrous DMF
containing 0.1 M Bu4NPF6 supporting electrolyte. Solutions for cyclic voltammetry were
thoroughly degassed with Ar or CO2 before collecting data. All voltammograms were cycled from
the most positive potential to the most negative potential and back.
Controlled potential electrolysis were carried out in a 3-neck glass cell with a glassy carbon
rod (2 mm diameter, type 2, Alfa Aesar) working electrode, a silver wire quasi-reference electrode,
and a platinum mesh (2.5 cm2 area, 150 mesh) counter electrode that was separated from the other
electrodes in an isolation chamber comprised of a fine glass frit. Solutions were degassed with
CO2 for 30 min before collecting data. The applied potential values were determined by cyclic
voltammetry before controlled potential electrolysis were performed. Evolved gases during
electrolysis measurements were quantified by gas chromatographic analysis of headspace samples
using an Agilent 7890B Gas Chromatograph and an Agilent PorapakQ (6' long, 1/8" O.D.) column.
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CO was measured using an FID detector, while H2 was quantified at the TCD detector. Constant
stirring was maintained during electrolysis. Integrated gas peaks were quantified with calibration
curves obtained from known standards purchased from BuyCalGas.com. From the experimental
amount of product formed during electrolysis, Faradaic efficiencies were calculated against the
theoretical amount of product possible based on the accumulated charge passed and the
stoichiometry of the reaction.
UV-visible spectroelectrochemical (SEC) measurements were conducted with a
commercial “honeycomb” thin-layer SEC cell from Pine Research Instrumentation employing a
gold working electrode, a silver wire quasi-reference electrode, and a platinum wire counter
electrode.
X-ray Crystallography. Single crystals were coated with Paratone-N hydrocarbon oil and
mounted on the tip of a MiTeGen micromount. Temperature was maintained at 100 K with an
Oxford Cryostream 700 during data collection at the University of Mississippi, Department of
Chemistry and Biochemistry, X-ray Crystallography Facility. Samples were irradiated with MoKα radiation with λ = 0.71073 Å using a Bruker Smart APEX II diffractometer equipped with a
Microfocus Sealed Source (Incoatec IµS) and APEX-II detector. The Bruker APEX2 v. 2009.1
software package was used to integrate raw data which were corrected for Lorentz and polarization
effects.166 A semi-empirical absorption correction (SADABS) was applied.167 The structure was
solved using direct methods and refined by least-squares refinement on F2 and standard difference
Fourier techniques using SHELXL.106,168,169 Thermal parameters for all non-hydrogen atoms were
refined anisotropically, and hydrogen atoms were included at ideal positions. Poorly resolved
outersphere DMF molecules could not be modeled successfully in the difference map. The data
was treated with the SQUEEZE procedure in PLATON;170,171 details are provided in the CIF file.
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Computational Methods. All calculations were performed in Gaussian 09.111 All energies
discussed in this work contain zero point energy corrections.113 Global minimums of the cis and
trans conformers were located using density functional theory (DFT) and the ωB97X-D
functional.172 The 6-311+G* basis set was used for all coordinating atoms which includes the
carbon monoxide. The 6-311G* basis was used for all hydrogen and carbon atoms of the ligand
manifold. LanL2TZ (f) was used for the two rhenium atoms. The minimums were confirmed by
calculating the harmonic vibrational frequencies and finding all real values. To obtain a structure
close to the transition state (TS) of conformational isomerization (via rotation), an initial relaxed
scan was performed using semi-empirical PM6 and was parametrized by the dihedral angle C(14)C(15)-C(23)-N(39) or C(6)-C(5)-C(29)-N(40) for TS1 and TS2, respectively, as labeled in Figure
D10. From these scans, the maximum was used as a starting point for a transition state optimization
using the Berny algorithm at the level of theory and basis sets mentioned previously.
Structural optimization and infrared spectra calculations were performed using the BP86D3/def2-TZVP functional-basis set combination with Beck’s and Johnston’s dispersion
corrections. The rhenium atoms were described with the LanL2TZ (f) effective core potential with
the added polarization function. These calculations also included DMF solvent-induced
corrections using the COSMO solvation model. Frequency analysis confirmed global minimums.
Global minimums for the Re-Re dimers (Figure 66) were found using the ωB97X-D
functional with basis sets LanL2TZ (f) for rhenium atoms and 6-31++G* for all light atoms. An
ultrafine numerical integration grid was employed for both species.
Synthetic Procedures. Re(bpy)(CO)3Cl was prepared as previously described.51 Ligand
precursors 6-bromo-2,2’-bipyridine49 and 1,8-bis(neopentyl-glycolatoboryl)anthracene173 were
prepared according to literature procedures.
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1,8-di(2,2’-bipyridine)anthracene, (1). In an oven-dried 2-neck round bottom flask were
added 1,8-bis(neopentylglycolatoboryl)anthracene (1.0 g, 2.49 mmol), 6-bromo-2,2’-bipyridine
(1.4 g, 5.97 mmol), and Pd(PPh3)4 (0.172 g, 6 mol %) under inert atmosphere. Degassed toluene
(50 mL), ethanol (5 mL), and 2 M aqueous K2CO3 (5 mL) were added to the reaction vessel under
N2 and refluxed for 2 days. After cooling to room temperature, 25 mL saturated aqueous NH4Cl
and 25 mL H2O were added to the mixture. The crude product was extracted with dichloromethane
and purified by silica gel chromatography (1:1 hexanes:ethyl acetate) to yield pure product (1.04
g, 86%). 1H NMR (500 MHz, DMSO-d6): δ 9.80 (s, 1H), 8.83 (s, 1H), 8.62 (ddd, J = 4.7, 1.8, 0.9
Hz, 2H), 8.27 (d, J = 8.4 Hz, 2H), 7.98 (dt, J = 7.8, 1.0 Hz, 2H), 7.83 (dq, J = 7.9, 1.0 Hz, 2H),
7.78 – 7.73 (m, 4H), 7.71 – 7.65 (m, 4H), 7.57 (td, J = 7.7, 1.8 Hz, 2H), 7.33 (ddt, J = 6.9, 4.8, 1.1
Hz, 2H).
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C NMR (126 MHz, DMSO-d6): δ 157.60, 154.89, 154.52, 149.01, 137.99, 137.85,

137.01, 131.55, 129.14, 129.06, 127.38, 126.91, 125.50, 124.92, 123.84, 123.61, 119.96, 118.61.
ESI-MS (M+) m/z calc. for [1 + H+], 487.2, found, 487.2.
1,8-di(2,2’-bipyridine)anthracene(Re(CO)3Cl)2, (Re2Cl2). To an oven-dried 2-neck round
bottom flask were added 1,8-di(2,2’-bipyridine)anthracene (100 mg, 0.205 mmol) and Re(CO)5Cl
(148 mg, 0.41 mmol) under inert atmosphere. Anhydrous toluene (5 mL) was added and the
reaction mixture was refluxed overnight. The mixture was cooled to room temperature, the
precipitate was collected by filtration with a glass frit, and washed with toluene and diethyl ether
several times. The crude product was purified by silica gel chromatography with gradient elution
from dichloromethane to 2:3 acetone:dichloromethane using a Biotage automated flash
purification system to give pure compounds, cis-Re2Cl2 (41% yield) and trans-Re2Cl2 (20%).
cis-Re2Cl2: 1H NMR (500 MHz, DMSO-d6): δ 9.04 (d, J = 5.4 Hz, 2H), 8.87 (s, 1H), 8.77
(d, J = 8.3 Hz, 2H), 8.68 (d, J = 8.1 Hz, 2H), 8.39 (d, J = 8.5 Hz, 2H), 8.35 (t, J = 7.9 Hz, 2H), 7.90
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(t, J = 7.9 Hz, 2H), 7.83 (s, 1H), 7.74 (m, 4H), 7.61 (d, J = 7.6 Hz, 2H), 7.54 (d, J = 6.6 Hz, 2H).
C NMR (126 MHz, DMF-d7): δ 199.47, 195.09, 195.07, 161.87, 158.22, 157.57, 154.10, 141.11,

13

140.77, 133.41, 131.90, 131.57, 131.42, 131.02, 128.77, 128.71, 128.48, 128.32, 126.82, 126.10,
125.93, 124.94, 124.04. ATR-FTIR: ν(CO) at 2015, 1915 (with shoulder at 1924), and 1871 cm-1.
ESI-MS (M+) m/z calc. for [cis-Re2Cl2 + Cs+], 1230.9, found, 1230.9.
trans-Re2Cl2: 1H NMR (500 MHz, DMSO-d6): δ 9.01 (d, J = 5.4 Hz, 1H), 8.98 (d, J = 5.4
Hz, 1H), 8.87 (s, 1H), 8.77 (d, J = 8.3 Hz, 1H), 8.73 (d, J = 8.2 Hz, 1H), 8.61 (d, J = 8.1 Hz, 1H),
8.57 (d, J = 8.1 Hz, 1H), 8.42 (t, J = 8.0 Hz, 1H), 8.39 - 8.32 (m, 3H), 8.02 (t, J = 7.9 Hz, 1H), 7.83
(t, J = 6.6 Hz, 1H), 7.77 – 7.68 (m, 3H), 7.65 (d, J = 7.1 Hz, 2H), 7.53 (t, J = 7.8 Hz, 1H), 7.49 (d,
J = 6.8 Hz, 1H), 7.44 (d, J = 7.7 Hz, 1H), 7.33 (s, 1H). 13C NMR (126 MHz, DMF-d7): δ 199.36,
198.83, 195.14, 194.84, 191.95, 190.96, 162.48, 162.45, 157.90, 157.83, 157.60, 157.06, 154.20,
154.09, 141.80, 141.36, 141.12, 140.91, 140.59, 139.59, 133.31, 133.22, 131.91, 131.60, 131.50,
130.92, 130.57, 130.37, 129.28, 128.81, 128.61, 128.51, 126.67, 126.12, 126.01, 125.90, 124.42,
124.39, 123.92. ATR-FTIR: ν(CO) at 2015 and 1891 cm-1. ESI-MS (M+) m/z calc. for [trans-Re2Cl2
+ Cs+], 1230.9, found, 1230.9.
1-(2,2’-bipyridine)anthracene, (2). In an oven-dried 2-neck round bottom flask were added
1-(neopentylglycolatoboryl)anthracene (1.0 g, 3.46 mmol), 6-bromo-2,2’-bipyridine (1.0 g, 4.15
mmol), and Pd(PPh3)4 (0.2 g, 5 mol %) under inert atmosphere. Degassed toluene (50 mL), ethanol
(5 mL), and 2 M aqueous solution of K2CO3 (5 mL) were added to the reaction vessel under N2
and refluxed for 2 days. After cooling to room temperature, 25 mL saturated NH4Cl and 25 mL
H2O were added into mixture. The crude product was extracted with dichloromethane and purified
by silica gel chromatography (5:1 hexanes:ethyl acetate) to yield pure product (0.6 g, 52%). 1H
NMR (500 MHz, DMSO-d6): δ 8.84 (s, 1H), 8.76 (dd, J = 88.9, 4.7 Hz, 1H), 8.72 (s, 1H), 8.52 (d,

106

J = 7.8 Hz, 1H), 8.41 (d, J = 8.0 Hz, 1H), 8.24 (d, J = 8.4 Hz, 1H), 8.18 (t, J = 7.8 Hz, 1H), 8.13
(d, J = 8.5 Hz, 1H), 8.00 (d, J = 8.4 Hz, 1H), 7.93 (td, J = 7.8, 1.6 Hz, 1H), 7.85 (d, J = 7.6 Hz,
1H), 7.73 (d, J = 6.5 Hz, 1H), 7.66 (dd, 1H), 7.58 – 7.52 (m, 1H), 7.51 – 7.44 (m, 2H). 13C NMR
(126 MHz, DMSO-d6): δ 158.47, 155.82, 155.49, 149.84, 138.87, 138.32, 137.89, 132.16, 131.98,
131.49, 129.73, 129.41, 129.06, 128.26, 127.78, 127.13, 126.43, 126.26, 125.69, 125.50, 124.86,
124.79, 121.07, 119.57. ESI-MS (M+) m/z calc. for [2 + H+], 333.1, found, 333.1.
[1-(2,2’-bipyridine)anthracene][Re(CO)3Cl], (anthryl-Re). To an oven-dried 2-neck
round bottom flask were added 1-(2,2’-bipyridine)anthracene (100 mg, 0.300 mmol) and
Re(CO)5Cl (108.5 mg, 0.300 mmol) under inert atmosphere. Anhydrous toluene (5 mL) was added
and the reaction mixture was refluxed overnight. The mixture was cooled to room temperature, the
precipitate was collected by filtration with a glass frit, and washed with toluene and diethyl ether
several times. Pure product was obtained by crystallization from dichloromethane/hexanes (161
mg, 84%). Two conformers are present by 1H NMR with slow rotation observed at room
temperature. ESI-MS (M+) m/z calc. for [anthryl-Re + Cs+], 770.9453, found, 770.9452. Elemental
analysis for C28H16N2O4Re•1.5H2O calcd: C 48.76, H 2.88, N 4.21; found: C 49.09, H 2.88, N
4.22.
4.3 RESULTS AND DISCUSSION
Synthesis and Characterization. The synthesis of 1,8-di([2,2'-bipyridin]-6-yl)anthracene (1) and
its metalation to generate conformers cis-Re2Cl2 and trans-Re2Cl2 is shown in Fig 51. As
previously described,174 1,8-dichloroanthraquinone is reduced with Zn to give 1,8dichloroanthracene (1a). Next, the 1,8-diboronate ester (1b) is furnished by a Pd-catalyzed
borylation with bis(neopentyl glycolato)diboron.173 The boronate ester is reacted directly by
Suzuki cross coupling with 6-bromo-2,2’-bipyridine to give dinucleating ligand 1 in 86% yield.
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Metalation was achieved by refluxing the ligand with two equivalents of Re(CO)5Cl in anhydrous
toluene overnight to give a mixture of two dinuclear Re(I) conformers cis-Re2Cl2 and transRe2Cl2. Despite the possible formation of up to seven isomers (Figure C9), only two species are
observed in the reaction mixture under these conditions as shown in the crude 1H NMR spectrum
(Figure C10).

Figure 52. 1H NMR spectra (500 MHz, DMSO-d6) showing the aromatic region of A) cis-Re2Cl2 and B) trans-Re2Cl2.

Two narrow, closely-spaced bands were separated by silica gel chromatography to give an
overall isolated yield of 61%. We note that solvent-dependent isomer formation has been reported
previously for di- and trinuclear Re(CO)3-based compounds.175 1H NMR spectra of the purified
cis and trans conformers are shown in Figure 52. From the NMRs, there is a symmetric species
(cis-Re2Cl2) with 12 chemically distinct protons and an asymmetric species (trans-Re2Cl2)
displaying 22 different proton signals. Infrared spectroscopy in DMF established the presence of
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fac-Re(CO)3 fragments with carbonyl stretching frequencies ν(CO) for cis-Re2Cl2 at 2019, 1915,
and 1890 cm-1 and for trans-Re2Cl2 at 2014, 1910, and 1888 cm-1 (Figure 53). For comparison,
the CO stretching frequencies of the parent complex, fac-Re(bpy)(CO)3Cl, are at 2019, 1914, and
1893 cm-1 in DMF.68

Figure 53. Experimental FTIR spectra of A) cis-Re2Cl2 and B) trans-Re2Cl2 in DMF solution showing the CO
vibrational modes.

X-ray quality crystals of the asymmetric trans conformer were obtained by slow isopropyl
ether diffusion into a concentrated DMF solution. The crystal structure of trans-Re2Cl2 is shown
in Figure 54, concurrently lending support for a symmetric configuration of the cis conformer,
which is accessible by rotation (cis ↔ trans) as observed at elevated temperatures by 1H NMR.
However, no interconversion is observed at room temperature over the course of 2 days.
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Figure 54. Crystal structure of trans-Re2Cl2. Hydrogen atoms are omitted for clarity. Thermal ellipsoids are shown
at the 70% probability level.

Our catalyst design aims to channel reactivity through a single mechanism by allowing
both active sites to be in close proximity for cooperative catalysis or by isolating each metal center
for single-site activity. Importantly, as active sites are generated following chloride dissociation
from the metal, two symmetric cis conformers are possible, one in which the chloro ligands face
each other (cis-Re2Cl2), and the other which has its chloro ligands oriented outward (cis 2 as
labeled in Figure C9). Density Functional Theory (DFT) calculations were used to investigate the
barrier to rotation of Re(bpy) moieties to either side of the anthracene bridge by which the trans
conformer may interconvert to either of the symmetric cis conformers in solution. Since the
structure of trans-Re2Cl2 is known, the energy barrier associated with rotational isomerization
from trans-Re2Cl2 was calculated (Figure C12). By DFT, the barrier to rotation from the trans
conformer to cis-Re2Cl2 (27.2 kcal/mol) is 4.6 kcal/mol lower in energy than rotation to cis 2 (31.8
kcal/mol). These calculations provide indirect evidence that the isolated cis conformer has its
chloro ligands facing “in” (denoted cis-Re2Cl2 as depicted in Figure 51). Toward more direct
evidence, the infrared spectra of cis-Re2Cl2 and cis 2 were calculated by DFT. Notably, cis-Re2Cl2
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is predicted to have 3 ν(CO) absorption bands while cis 2 is expected to have 4 ν(CO) vibrational
modes (Figure C11). The experimental FTIR spectrum of the cis conformer (Figure 53) confirms
its stereochemistry.
Electrochemistry. Following characterization, the redox behavior of cis-Re2Cl2 and
trans-Re2Cl2 was analyzed in the absence of CO2 by cyclic voltammetry in anhydrous DMF
containing 0.1 M Bu4NPF6 supporting electrolyte. Re(bpy)(CO)3Cl and a mononuclear derivative
(anthryl-Re) bearing a pendant anthracene (shown in Figure 55) were studied in parallel to provide
insight into catalytic activity and ligand-based redox chemistry. Cyclic voltammograms (CVs)
were referenced internally at the end of experiments to the ferrocenium/ferrocene (Fc+/0) couple.
The electrochemical properties of Re(bpy)(CO)3Cl have been studied extensively, most often in
acetonitrile solutions. Its CV in DMF, overlaid with that of anthryl-Re (Figure 55A), exhibits a
quasireversible redox process with Ep,c at -1.80 V vs Fc+/0 and an irreversible reduction at -2.25 V.
Notably, the CV of anthryl-Re has a third reduction at -2.54 V that is absent in the parent complex.
Similar behavior is observed for the dinuclear catalysts (Figure 55B). CVs of cis-Re2Cl2 and
trans-Re2Cl2 reveal two closely-spaced, quasireversible, one-electron reductions at Ep,c = -1.77
and -1.87 V and Ep,c = -1.78 and -1.88 V, respectively, followed by irreversible reductions at Ep,c
= -2.34 and -2.65 V and Ep,c = -2.40 and -2.67 V, respectively, at a scan rate of 100 mV/s. The
number of electrons transferred in each redox process based on integrated cathodic peak areas
corresponds to a 1:1:2:1 stoichiometry. From scan rate dependent CVs of the dinuclear conformers
and both mononuclear complexes, linear fits were obtained in plots of the reductive peak current
(ip,c) versus the square root of the scan rate (ν1/2) consistent with freely diffusing systems (Figures
S6-S9).67,176
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Figure 55. CVs of A) 2 mM Re(bpy)(CO)3Cl and anthryl-Re, and B) 1 mM cis-Re2Cl2 and trans-Re2Cl2 in
DMF/0.1 M Bu4NPF6 under Ar, glassy carbon disc, ν = 100 mV/s.

Comproportionation constants (KC) for the dinuclear catalysts were estimated from the
overlapping one-electron reductions as a measure of electronic coupling between Re(bpy) units.177
Based on the difference in potentials, ΔE, between Ep1,c and Ep2,c, a KC value of 50 was calculated
for both Re2 conformers, indicative of weak electronic coupling through the anthracene bridge.177
Weak electronic coupling is not surprising given the number of bonds between redox sites. These
results are summarized in Table 17.
Table 17. Reduction potentials, diffusion coefficients, and comproportionation constants (KC) from cyclic
voltammetry in anhydrous DMF/0.1 M Bu4NPF6 solutions.

Catalyst
cis-Re2Cl2

trans-Re2Cl2

Re(bpy)(CO)3Cl

anthryl-Re

Ep1,c

Ep2,c

Ep3,c

Ep4,c

-1.77

-1.87

-2.34

-2.65

KC = 50
-1.78

-1.88

-2.40

-2.67

KC = 50
-1.80

-2.25

-

-

D = 5.40 x 10-6 cm2 s-1
-1.82

-2.29

-2.54

D = 5.48 x 10-6 cm2 s-1
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On the basis of these results and previous work,87,161,164,165,178 we assign the most positive
overlapping one-electron redox events to ligand-centered bipyridine reductions to form
[ReI(bpy•)(CO)3Cl]– moieties followed by a third (overall) reductive process involving each of the
Re(bpy) units, totaling two electrons. The most negative redox event is ascribed to a one-electron,
anthracene-based reduction. A CV of free ligand 1 is shown in Figure D17.

Figure 56. Cyclic voltammetry in Ar- and CO2-saturated DMF/0.1 M Bu4NPF6 solutions with A) 1 mM cis-Re2Cl2,
B) 1 mM trans-Re2Cl2, C) 2 mM Re(bpy)(CO)3Cl, and D) 2 mM anthryl-Re, glassy carbon disc, ν = 100 mV/s. The
background under CO2 is shown with a dashed blue line.
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Re(bpy)(CO)3Cl and anthryl-Re was then investigated by cyclic voltammetry. CVs of cis-Re2Cl2
and trans-Re2Cl2 at 1 mM concentrations and of monomers at concentrations of 2 mM are shown
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in Figure 56 in DMF solutions under Ar and CO2 atmospheres. The monomer catalyst
concentrations were doubled to maintain a consistent concentration with respect to rhenium.
For an electrocatalytic reaction involving heterogeneous electron transfers at the electrode
surface, the peak catalytic current is described by equation 1:74,85,179
𝑖𝑐𝑎𝑡 = 𝑛𝑐𝑎𝑡 𝐹𝐴[𝑐𝑎𝑡](𝐷𝑘𝑐𝑎𝑡 [𝑆]𝑦 )1/2

(1)

where icat is the limiting catalytic current in the presence of CO2, ncat corresponds to the number
of electrons transferred in the catalytic process (here ncat = 2 as CO2 is reduced to CO), F is
Faraday’s constant, A is the area of the electrode, [cat] is the molar concentration of the catalyst,
D is the diffusion coefficient, kcat is the rate constant of the catalytic reaction, and [S] is the molar
concentration of dissolved CO2. Applying eq 1, the catalytic mechanisms of cis-Re2Cl2 and transRe2Cl2 were probed using cyclic voltammetry to determine reaction orders with respect to [CO2]
and [cat] (Figures C18 and C19, respectively).

Figure 57. CO2 concentration dependence for A) 1 mM cis-Re2Cl2 and B) 1 mM trans-Re2Cl2 in DMF/0.1 M
Bu4NPF6, glassy carbon disc, ν = 100 mV/s. Catalytic current (mA) is plotted versus the square root of [CO 2].

First, gas mixtures of Ar and CO2 were used to vary the partial pressure of CO2 from 0 to
1 atm to reveal a linear increase in catalytic current for CO2 reduction as a function of the square
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root of dissolved CO2 concentration for both cis-Re2Cl2 and trans-Re2Cl2 catalysts (Figure 57).
The concentration of dissolved CO2 in DMF under saturation conditions at 1 atm is 0.20 M.180
Likewise, the dependence of catalytic current (icat) on the concentration of each dinuclear
rhenium catalyst ([cat]) in CO2-saturated solutions was determined (Figure 58).

Figure 58. Catalyst concentration dependence for A) cis-Re2Cl2 and B) trans-Re2Cl2 in CO2-saturated DMF/0.1 M
Bu4NPF6 solutions, glassy carbon disc, n = 100 mV/s. Linear fits with slopes of 1 were obtained in log-log plots of
catalytic current (mA) versus catalyst concentration (mM).

For both conformers, the data indicates a first order dependence on [Re2Cl2] and a first
order dependence on [CO2] in the rate determining step, as expressed by the following rate law:
Rate = −

[CO2 ]
= kcat [Re2Cl2][CO2 ]
dt

It was not possible on the basis of reaction orders alone to distinguish between the reaction
mechanisms of cis and trans conformers. Log-log plots were critical for the correct kinetic analysis
of these catalysts, since plots of catalytic current vs [trans-Re2Cl2] as well as catalytic current vs
[trans-Re2Cl2]1/2 both gave reasonable linear fits (Figure C20). The log-log plots confirm the
reactions are first order in catalyst with slopes of 1 (Figure 58).
Our initial inquiry regarding a half-order dependence on catalyst concentration, specifically
for trans-Re2Cl2, emerged from a previous mechanistic study involving a dinuclear palladium
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complex, in which its polydentate phosphine ligand was designed to prevent cooperative,
intramolecular CO2 binding between active sites.181,182 A half-order dependence on catalyst
concentration was reported and explained by assuming the metal active sites operate independently
of one another, such that only half of the complex is intimately involved in the rate determining
step.182 As rationalized, however, a first order dependence would be expected. A square root
dependence on catalyst concentration is typically observed following rate-limiting dissociation of
a dinuclear pre-catalyst that is in reversible equilibrium with the active form.183,184
Several plausible modes of reactivity with a dinuclear catalyst for CO2 reduction are
expected to yield a first order dependence on catalyst concentration: (1) both metal centers
participate in the intramolecular activation, or binding, of CO2 and its conversion, (2) only one
metal center reacts with CO2 while the other acts as a spectator, (3) only one metal center reacts
with CO2 while the other serves as an electron reservoir capable of intramolecular electron transfer,
or (4) both metal centers operate independently and react with one CO2 molecule each. In cases
(2) and (3), the metal fragment that does not bind CO2 can be thought of more simply as (2) an
elaborate ligand substituent of variable electronics depending on its redox state, or (3) a pendant
redox mediator that supplies electron(s) to the active site; neither of which would give a half-order
dependence on catalyst concentration.
Catalytic rates and Faradaic efficiencies.
With these results in hand, we sought to compare the catalytic rates of the cis and trans
conformers along with Re(bpy)(CO)3Cl and its anthracene-functionalized derivative, anthryl-Re.
The quantity (icat/ip)2 can serve as a useful benchmark of catalytic activity that is proportional to
turnover frequency (TOF) as shown in equation 2, where n is the scan rate, np is the number of
electrons transferred in the noncatalytic Faradaic process, R is the ideal gas constant, T is the
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temperature (in K), and ip is the peak current observed for the catalyst in the absence of
substrate.84,87,161
𝑇𝑂𝐹 = 𝑘𝑐𝑎𝑡 [𝐶𝑂2 ] =

2
3
𝐹𝜈𝑛𝑝
0.4463 2 𝑖𝑐𝑎𝑡
( )
(
)
𝑅𝑇
𝑛𝑐𝑎𝑡
𝑖𝑝

(2)

Figure 59. Plots of (i / ip) from linear sweep voltammograms at different scan rates for A) cis-Re2Cl2 (1 mM), B)
trans-Re2Cl2 (1 mM), C) Re(bpy)(CO)3Cl (2 mM), and D) anthryl-Re (2 mM) in DMF/0.1 M Bu4NPF6 under CO2saturation conditions, glassy carbon disc.

The application of eq 2 requires steady state behavior, which can often be established at
sufficiently fast scan rates that avoid substrate depletion and give rise to a limiting catalytic current
plateau. Linear sweep voltammograms of cis-Re2Cl2 (1 mM), trans-Re2Cl2 (1 mM), and the
mononuclear catalysts (2 mM) were conducted in DMF/0.1 M Bu4NPF6 solutions under argon and
CO2 as a function of scan rate (Figure 59). While scan rate independence was not completely
reached, estimated TOFs using eq 2 are plotted versus scan rate in Figure 60 where TOFs of 35.3,
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22.9, 11.1, and 19.2 s-1 were identified for cis-Re2Cl2, trans-Re2Cl2, Re(bpy)(CO)3Cl, and anthrylRe, respectively.

Figure 60. A plot of TOF (s-1) vs scan rate (mV/s) for each catalyst as determined from linear sweep
voltammograms at different scan rates using Figure 59.

Alternatively, Costentin and Savéant's foot-of-the-wave analysis (FOWA)74,75,185,186 can be
applied to find intrinsic catalytic rates via eq 3:
𝑅𝑇

𝑖
𝑖𝑝

2.24√
2𝑘𝑐𝑎𝑡 [𝐶𝑂2 ]
𝐹𝜈𝑛3

=

𝑝

(3)

𝐹
1+𝑒𝑥𝑝[ (𝐸−𝐸𝑐𝑎𝑡/2 )]
𝑅𝑇

This electroanalytical method provides access to a TOF maximum, in which the observed
catalytic rate constant kcat can be determined at the foot of the catalytic wave where competing
factors (i.e. substrate depletion, catalyst inhibition or decomposition) are minimal. Indeed, scan
rate independent TOFs were obtained by FOWA (Figure 61). In eq 3, 𝐸𝑐𝑎𝑡/2 is the half-wave
potential of the catalytic wave. From the slope of the linear portion of a plot of i/ip versus
1/{1+exp[(F/RT)(𝐸–𝐸𝑐𝑎𝑡/2 )]}, kcat can be calculated.54 The maximum TOF under saturation
conditions is then found from TOF = kcat[CO2].
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Figure 61. Foot-of-the-wave analysis (FOWA) and associated plot of TOF (s-1) vs scan rate (mV/s) for A) cisRe2Cl2 (1 mM), B) trans-Re2Cl2 (1 mM), C) Re(bpy)(CO)3Cl (2 mM), and D) anthryl-Re (2 mM) from linear sweep
voltammograms in DMF/0.1 M Bu4NPF6 under CO2- saturation conditions, glassy carbon disc.
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Maximum TOFs determined via FOWA for the dinuclear catalysts (11.0 s-1, cis-Re2Cl2;
4.4 s-1, trans-Re2Cl2) are higher than that of the mononuclear parent catalyst (1.5 s-1) at the same
effective concentrations. Likewise, the cis conformer is considerably more active than its trans
counterpart, consistent with the estimated TOFs from eq 2. With regards to anthryl-Re (4.1 s-1),
the pendant anthracene results in a higher TOF relative to unsubstituted Re(bpy)(CO)3Cl whereas
very similar rates (via both electroanalytical equations) are observed relative to trans-Re2Cl2.
Comparable TOFs of anthryl-Re and trans-Re2Cl2 are consistent with the isolated active sites of
the dinuclear complex on opposite sides of the anthracene bridge. Notably, slow catalysis begins
after the first overlapping one-electron reductions at around -1.9 V with cis-Re2Cl2, while no
activity is observed until the second reduction at -2.1 V for the monomers.
Brønsted acids are frequently added to polar aprotic solvents to promote the proton-coupled
reduction of CO2. Indeed, significant enhancements in the electrocatalytic CO2 reduction activity
of mononuclear Re catalysts have been observed with various proton source additives.35,76,187 The
influence of four different acids (water, methanol, phenol, and 2,2,2-trifluoroethanol (TFE)) on the
CO2 reduction activity of cis-Re2Cl2 in DMF was investigated (Figure 62). This selection of proton
sources affords a good range of acidity with the following pKas reported in DMSO:188 31.4
(H2O),189 29.0 (MeOH),189 23.5 (TFE),190 18.0 (PhOH).191 Catalyst cis-Re2Cl2 shows a decrease
in current upon addition of these acids. However, the onset of fast catalysis is significantly more
positive after the addition of a proton source relative to anhydrous DMF. From cyclic voltammetry,
added water produces the most promising catalytic activity for CO2 reduction with cis-Re2Cl2 of
the four Brønsted acids investigated, taking into account its nominal activity under argon.
Accordingly, the amount of added H2O was optimized for cis-Re2Cl2 by plotting icat vs H2O
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concentration where catalysis reached a maximum with 3 M H2O (Figure C23). The catalytic
activity of each catalyst in the presence of 3 M H2O is shown in Figure 63 for comparison.

Figure 62. Cyclic voltammograms of A) 1 mM cis-Re2Cl2, B) 1 mM trans-Re2Cl2, C) 2 mM Re(bpy)(CO)3Cl, and
D) 2 mM anthryl-Re with 3 M H2O in DMF/0.1 M Bu4NPF6 under Ar (black) and CO2 (red), glassy carbon disc, ν =
100 mV/s.

A thermodynamic potential of -0.73 V vs Fc+/0 for the 2e–/2H+ CO2/CO couple in pure
DMF has been determined via a thermochemical approach.61 In the presence of a Brønsted acid,
this standard potential shifts according to equation 4, in which the pKa of the acid must be taken
into account.192
0
𝐸 = 𝐸𝐶𝑂
− 0.0592 ∙ 𝑝𝐾𝑎
2 /𝐶𝑂(𝐷𝑀𝐹)

(4)
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As previously described, carbonic acid (H2CO3, pKa = 7.37) is more acidic than water in
DMF, so its pKa was used in eq 4 to give an estimated reduction potential of -1.17 V for the
CO2/CO couple in DMF/H2O solutions.41,165 Using these standard potentials, a summary of TOFs
from anhydrous DMF and observed overpotentials, based on Ecat/2, is presented in Table 18. Ecat/2
is a reliable metric that corresponds to the steepest point, or nearly so, in the catalytic wave of the
current-potential profile.193 It is worth mentioning that overpotentials cited in Table 18 correspond
to applied potentials and/or conditions that promote the 2e−/2H+ reduction of CO2 to CO + H2O.
To the best of our knowledge, a standard potential for the reductive disproportionation of CO2 to
CO + CO32− has not been reported.

Table 18. Summary of electrocatalysis obtained from cyclic voltammetry.
Catalyst

TOF (s-1)

TOF (s-1)

eq 2

eq 3

cis-Re2Cl2

35.3

11.0

trans-Re2Cl2

22.9

4.4

Re(bpy)(CO)3Cl

11.1

1.5

anthryl-Re

19.2

4.1

Ecat/2

Ecat/2

a

(𝜂)b

(𝜂)

-2.29

-2.09

(1.56)

(0.92)

-2.34

-1.95

(1.61)

(0.78)

-2.22

-2.04

(1.49)

(0.87)

-2.26

-2.18

(1.53)

(1.01)

a. Anhydrous DMF, b. DMF with 3 M H2O. Ecat/2 is the potential at which the current is equal to icat/2. Overpotentials
0
reported here were calculated from expression: 𝜂 = |𝐸𝑐𝑎𝑡/2 − 𝐸𝐶𝑂
|.
2 /𝐶𝑂

Controlled potential electrolyses were carried out to identify products and Faradaic
efficiencies in an air-tight electrochemical cell using a glassy carbon rod working electrode and
CO2-saturated solutions. The applied potential (Eappl) corresponds to the potential at which
maximum current was observed in cyclic voltammograms taken in the same set-up prior to
electrolysis. Headspace gases and electrolytic solutions were analyzed by gas chromatography, 1H
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NMR, and FTIR spectroscopies.194–196 CO was found to be the only detectable product under these
conditions where Eappl is -2.4 or -2.5 V (Table 19). No other products were observed. In addition
to infrared spectroscopy, a titration with barium triflate was also conducted to investigate
carbonate as a potential product. Formation of BaCO3 was not apparent.70,194,195 The absence of
carbonate indicates that the dinuclear catalysts do not mediate the reductive disproportionation of
CO2, i.e. 2CO2 + 2e− →

CO + CO2−
3 at these potentials, consistent with earlier results with

Re(bpy)(CO)3Cl in DMF solutions.56 It is well-established that under anhydrous conditions
protons can be generated by Hofmann degradation of the quaternary alkylammonium cation of the
supporting electrolyte.56,197,198 This degradation is thought to arise from a highly basic metal
carboxylate intermediate that is capable of deprotonating the tetrabutylammonium ion,197,198
consistent with infrared stopped-flow measurements in the absence of an added proton source.59
At lower applied potentials, Re(bpy)(CO)3Cl is known to catalyze the reductive
disproportionation of CO2 through the so-called “one-electron pathway”.56 Following its oneelectron reduction, the parent catalyst reduces CO2 in a bimolecular process to give CO and CO32–
. In this mechanism, two singly-reduced catalysts are proposed to bind CO2 to generate a Re2
carboxylate-bridged intermediate that undergoes insertion with a second equivalent of CO2 before
reductive disproportionation. Here, CO2 acts as an oxide acceptor to facilitate a protonindependent conversion of CO2 to CO. By inference, less basic intermediates are generated at these
less reducing potentials and oxide transfer to CO2 is favored over Hofmann degradation. We note
that the hydrogen-bonded Re(bpy) dimers developed by Kubiak and coworkers also promote this
bimolecular pathway with enhanced rates.87,161
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Figure 63. FTIR spectra of A) trans-Re2Cl2 and B) cis-Re2Cl2 samples before and after electrolysis. Electrolyzed
solutions are evaporated to dryness and washed with the dichloromethane to remove the Bu 4NPF6 electrolyte. The
resulting solid is analyzed.

In this context, we investigated the cis and trans conformers at applied potentials
immediately following the first overlapping one-electron reductions. Controlled potential
electrolyses were conducted in anhydrous DMF/0.1 M Bu4NPF6 as well as solutions containing 3
M H2O. Unsurprisingly, trans-Re2Cl2 was found to catalyze the reductive disproportionation of
CO2 at an applied potential of -2.0 V in anhydrous DMF. Given its solid-state structure, catalytic
activity analogous to Re(bpy)(CO)3Cl was expected for the trans conformer and carbonate was
identified as a co-product by infrared spectroscopy with strong C-O stretching frequencies
observed at ~1450 and 1600 cm-1 (Figure 63A) and subsequent precipitation of BaCO3 from DMF
solutions.195,199 Conversely, carbonate was not observed with cis-Re2Cl2. In order to bolster this
result and ensure that carbonate is not simply sequestered in a stable species (i.e. bound between
Re centers), long-term electrolyses were performed in which the evolved CO amounts to greater
than 2 turnovers with respect to moles of catalyst in solution. On this basis, cis-Re2Cl2 does not
catalyze the reductive disproportionation of CO2, consistent with the infrared spectra in Figure
63B. Presumably, restricted rotation of the Re(bpy) fragments in cis-Re2Cl2 impedes the CO2
insertion step and favors protonation of the CO2 adduct by slow Hofmann degradation.
124

Figure 64. Accumulated charge vs time for representative controlled potential electrolyses in CO2-saturated
DMF/0.1 M Bu4NPF6 solutions (A) and with 3 M H2O (B) for 1 mM cis-Re2Cl2, 1 mM trans-Re2Cl2, and 2 mM
Re(bpy)(CO)3Cl in each condition. Eappl = -2.5 V vs Fc+/0 for electrolyses shown in A; Eappl = -2.4 V vs Fc+/0 for
electrolyses shown in B.

With 3 M H2O, at the lower applied potential (-2.0 V vs Fc+/0), carbonate or bicarbonate is
not produced by cis-Re2Cl2 or trans-Re2Cl2. Authentic samples of tetrabutylammonium carbonate
and tetrabutylammonium bicarbonate were synthesized199,200 and detected by FTIR using the
established protocol and barium triflate titration to validate these results. The presence of water as
a proton source enables the proton-coupled reduction of CO2, i.e. CO2 + 2H+ + 2e– → CO + H2 O,
at lower overpotentials. Representative charge-time profiles from electrolyses in DMF solutions
are overlaid in Figure 64. Experiments were performed in duplicate and results are summarized in
Table 19.
Table 19. Summary of controlled potential electrolyses and Faradaic efficiencies for CO 2 reduction under various
conditions.

Catalyst

Time (min)

Eappl (V)

Charge Passed

CO (%)

cis-Re2Cl2

60

-2.5

1.52 ± 0.32

81 ± 1

trans-Re2Cl2

60

-2.5

0.60 ± 0.08

89 ± 6

Re(bpy)(CO)3Cl

60

-2.5

1.17 ± 0.15

78 ± 10

cis-Re2Cl2

60

-2.4

0.96 ± 0.22

59 ± 5
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(3 M H2O)
trans-Re2Cl2

60

-2.4

60

-2.4

cis-Re2Cl2

180

-2.0

2.24 ± 0.37

cis-Re2Cl2

600

-2.0

5.94 ± 0.82

trans-Re2Cl2

180

-2.0

1.01 ± 0.12

49 ± 5

600

-2.0

6.27 ± 0.03

47 ± 3

600

-2.0

4.46 ± 0.11

49 ± 6

(3 M H2O)
Re(bpy)(CO)3Cl
(3 M H2O)

1.01 ± 0.09

0.92

± 0.29

74 ± 1

65 ± 6

52 ± 5

cis-Re2Cl2
(3 M H2O)
trans-Re2Cl2
(3 M H2O)

UV-Vis spectroelectrochemistry.
Additional insight into the electrocatalytic CO2 reduction mechanisms of the cis and trans
conformers was gained from UV-Vis spectroelectrochemical measurements. Data was collected
stepwise at increasingly negative applied potentials under argon atmosphere using a thin-layer cell
with a “honeycomb” working electrode. Representative absorption spectra vs time (Figure 65) are
shown for cis-Re2Cl2 and trans-Re2Cl2.
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Figure 65. UV-Vis spectroelectrochemistry with A) 0.5 mM cis-Re2Cl2 at -1.7 V vs Ag/AgCl, B) 0.5 mM transRe2Cl2 at -1.7 V vs Ag/AgCl, C) 0.5 mM cis-Re2Cl2 at -2.0 V vs Ag/AgCl, D) 0.5 mM trans-Re2Cl2 at -2.0 V vs
Ag/AgCl in Ar-saturated DMF/0.1 M Bu4NPF6 solutions.

At an applied potential of -1.7 V vs Ag+, both cis-Re2Cl2 and trans-Re2Cl2 catalysts display
a new absorption peak at 517 nm, consistent with the one-electron reduced species.71 The
terminology used here refers to reduction at a single rhenium site to facilitate comparison with
earlier studies on mononuclear catalysts. The catalysts have been reduced by two electrons in total.
At a more negative applied potential of -2.0 V vs Ag+, absorption bands at 562 nm (cis-Re2Cl2)
and 570 nm (trans-Re2Cl2) appear, indicative of the two-electron reduced species.63
Upon closer inspection of the absorption spectra obtained with Eappl = -1.7 V vs Ag+, a
broad band centered around 850 nm also emerges for the trans conformer. This feature is
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characteristic of a Re-Re bonded dimer,63 presumably a Re4 species in this case formed from two
equivalents of trans-Re2Cl2. Characteristic absorption features of a Re-Re dimer, however, were
not observed in experiments with cis-Re2Cl2. We reasoned that an added benefit of the rigid
anthracene backbone is constraining the metal centers from Re-Re bond formation, a known
deactivation pathway.

Figure 66. Possible intermediates following reduction and chloride dissociation from cis-Re2Cl2. DFT optimized
structures of a neutral dinuclear rhenium species and its one-electron reduced radical anion.

DFT calculations were conducted to probe the likelihood of forming the neutral Re-Re
dimer or its one-electron reduced product with cis-Re2Cl2. Optimized geometries are shown in
Figure 66. Calculated distances between rhenium centers are 3.38 Å for the neutral species and
3.52 Å for the radical anion. Solid-state structures of the corresponding dimers prepared from
Re(bpy)(CO)3Cl reduction have been characterized by X-ray crystallography.66 A Re-Re bond
distance of 3.0791(13) Å was found in the neutral dimer and a longer distance of 3.1574(6) Å was
determined in the reduced dimer.66 Given the calculated intermetallic distances for the anthracenebased catalyst in conjunction with the spectroelectrochemical data, the Re-Re bonded dimer is
likely inaccessible following reduction of cis-Re2Cl2, or limited to a transient interaction. These
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results are consistent with the improved stability observed in controlled potential electrolyses with
cis-Re2Cl2.

Figure 67. Proposed mechanism for cis-Re2Cl2 at Eappl = -2.0 V vs Fc+/0 in DMF / 0.1 M Bu4NPF6.

It is clear from the structure of trans-Re2Cl2 and the observed reactivity that catalysis
occurs by well-established pathways known for Re(bpy)(CO)3Cl (catalytic cycles are shown in
Figure C25), including the “one-electron” bimolecular reductive disproportionation mechanism at
applied potentials just after the initial overlapping one-electron reductions of the Re2 complex
under anhydrous conditions. Carbonate is a co-product of this pathway for trans-Re2Cl2. In the
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presence of 3 M H2O or more negative potentials, CO2-to-CO conversion occurs, but with water
as the co-product.
Different behavior is observed for cis-Re2Cl2. Proposed catalytic cycles for the two applied
potential regimes -2.0 V and ≤ -2.4 V are given in Figure 67 and Figure C24, respectively. In
contrast to the mononuclear catalyst and trans-Re2Cl2, the cis conformer does not generate
carbonate at applied potentials immediately following the initial overlapping one-electron
reductions. This difference in reactivity is presumably a consequence of the proximal active sites
being confined by hindered rotation about the anthracene bridge. With this catalyst, CO2 is unable
to act as an oxide acceptor by CO2 insertion into the Re-O bond of the bridging carboxylate;
instead, CO2 reduction is governed by protonation via Hofmann degradation of the supporting
electrolyte. Along these lines, Kubiak’s dynamic hydrogen-bonded dinuclear system mediates
reductive disproportionation at low applied potentials, analogous to the “one electron” pathway of
Re(bpy)(CO)3Cl and consistent with its flexibility to accommodate a CO2 insertion step.87,161 The
proposed mechanism of cis-Re2Cl2 at more negative potentials (Figure C25) is similar to Figure
11, but with fast catalysis coinciding with further reduction of the catalyst.

4.4 CONCLUSION.
We have described a novel ligand platform that gives access to isolable cis and trans
conformers comprised of two rhenium active sites. Indeed, the conformers were purified by silica
gel chromatography and characterized. Consistent with its NMR spectra, a crystal structure of
trans-Re2Cl2 confirmed the asymmetric orientation of Re sites on opposite sides of the anthracene
bridge. In contrast, the combined data (1H NMR, FTIR, reactivity studies) indicate that the cis
conformer is a symmetric species in which the Re sites are on the same side of the anthracene
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backbone with their chloro ligands directed toward one another. Both Re2 compounds are active
electrocatalysts for reducing CO2 to CO. From mechanistic studies, a pathway involving bimetallic
CO2 activation and conversion was identified for cis-Re2Cl2 whereas well-established single-site
and bimolecular pathways, analogous to that of Re(bpy)(CO)3Cl, were observed for trans-Re2Cl2.
Catalytic rates were measured by cyclic voltammetry for cis-Re2Cl2, trans-Re2Cl2,
Re(bpy)(CO)3Cl, and anthryl-Re with estimated TOFs of 35.3, 22.9, 11.1, and 19.2 s-1,
respectively. The maximum TOFs of trans-Re2Cl2 and anthryl-Re (at twice the concentration) are
approximately equal showing the effect of the pendant anthracene on catalytic activity in
comparison to Re(bpy)(CO)3Cl and with each having single-site reactivity. On the other hand, the
cis conformer clearly outperforms the trans conformer in terms of catalytic rate and stability,
indicating the structure of cis-Re2Cl2 enables improved performance. Indeed, a change in
mechanism is observed at low applied potentials in anhydrous conditions where carbonate is not
formed as a co-product. Synergistic catalysis by cooperative active sites in cis-Re2Cl2 are
hypothesized. Spectroelectrochemical measurements indicate that cis-Re2Cl2 does not form a
deactivated Re-Re bonded species. The catalyst structure delivers a unique form of protection for
catalyst longevity as intermolecular deactivation pathways are limited by the cofacial arrangement
of active sites, while the rigid anthracene backbone prevents intramolecular Re-Re bond
formation.
The cis and trans conformers reported here exhibit distinct mechanisms for electrochemical
CO2-to-CO conversion. Photocatalytic CO2 reduction combined with photophysical studies
exploring the role of anthracene as a pendant organic chromophore are in progress.
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CHAPTER 5
PHOTOCHEMICAL CO2 REDUCTION WITH MONONUCLEAR AND DINUCLEAR
RHENIUM CATALYSTS BEARING A PENDANT ANTHRACENE CHROMOPHORE

Adapted with the permission from Liyanage, N. P.; Yang, W.; Guertin, S.; Roy, S. S.; Carpenter,
C. A.; Adams, R. E.; Schmehl, R. H.; Delcamp, J. H.; Jurss, J. W. Chem. Commun. 2019, 55 (7),
993–996. https://doi.org/10.1039/C8CC09155B
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Preface regarding contributions from researchers other than Sayontani Sinha Roy:
Nalaka Liyanage and Casey Carpenter collected all the photochemical data. Stephen Guertin and
Rebecca Adams did the photophysical measurements. Weiwei Yang assisted in synthesis.

A series of anthracene-substituted mononuclear and dinuclear rhenium complexes have
been studied for photocatalytic CO2 reduction. The effects on catalytic activity of one versus two
covalently-linked active sites, their relative proximity to one another, and the pendant organic
chromophore are discussed.
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5.1 INTRODUCTION
Finding a sustainable energy conversion strategy is an urgent scientific and technological
challenge given our reliance on non-renewable fossil fuels as a primary energy source coupled
with increasing global energy demand.201 In particular, the development of photocatalysts for CO2
reduction to carbon-based fuels is attractive for harnessing solar energy with long-term storage in
the form of chemical bonds.9,96 Since the first report in 1983, molecular rhenium tricarbonyl
systems have continued to attract attention as selective, single component photocatalysts for CO2
conversion that play the role of both light absorber and CO2 reducing catalyst.145
We have recently reported the electrocatalytic activity of well-defined dinuclear rhenium
catalysts supported by a rigid anthracene-based polypyridyl ligand.20 A side-by-side investigation
of the cis and trans conformers revealed key differences in mechanism for CO2 reduction to CO,
consistent with single-site and cooperative bimetallic pathways contingent on the relative
orientation of metal active sites with respect to the anthracene bridge. In the cis conformer cisRe2Cl2, the rhenium sites are proximal and have an appropriate intermetallic distance for
cooperative CO2 activation and conversion (Figure 68). Indeed, electrocatalytically, cis-Re2Cl2
outperformed its trans counterpart trans-Re2Cl2 with both dinuclear catalysts possessing higher
turnover frequencies (TOFs) and comparable Faradaic efficiencies relative to Re(bpy)(CO)3Cl.20

cis-Re2Cl2

trans-Re2Cl2

anthryl-Re

Re(bpy)(CO)3Cl

Figure 68. Structures of Re photocatalysts studied for CO2 reduction.
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For photocatalytic applications, the presence of two metal centers may enable more
efficient accumulation of reducing equivalents for improved CO2 conversion.71 Dinuclear rhenium
catalysts, tethered together by flexible alkyl chains linking two bipyridines, have been reported for
photocatalytic CO2 reduction.159,160 These catalysts were shown to outperform their mononuclear
parent catalyst with greater durability and higher TOFs observed as the alkyl chain was shortened.
However, this approach lacks structural integrity and samples indiscrete conformations in solution.
Other Re2 catalysts have not been studied photocatalytically or feature ligand scaffolds that
preclude intramolecular bimetallic CO2 activation and conversion.161,162,165 Thus guidelines for
designing more effective dinuclear catalysts for CO2 reduction can be improved.

5.2. MATERIALS AND METHODS
Materials and Characterization. Unless otherwise noted, all synthetic manipulations were
performed under N2 atmosphere using standard Schlenk techniques or in an MBraun glovebox.
Toluene was dried with a Pure Process Technology solvent purification system. Acetonitrile was
distilled over CaH2 and stored over molecular sieves before use. The rhenium precursor Re(CO)5Cl
was purchased from Strem and stored in the glovebox. 1,3-dimethyl-2-phenyl-2,3-dihydro-1Hbenzo[d]imidazole (BIH) was prepared according to a published procedure.202 The parent catalyst,
Re(bpy)(CO)3Cl, and anthracene-functionalized rhenium catalysts cis-Re2Cl2, trans-Re2Cl2, and
anthryl-Re were prepared as previously described.20,51 DMF was distilled with 20% of the solvent
volume forecut, and 20% of the solvent volume left in the distillation flask to ensure high purity.
DMF was freshly distilled and stored in a flame-dried round bottom flask under argon before being
discarded biweekly. Triethylamine (TEA) was freshly distilled prior to use. All other chemicals
were reagent or ACS grade, purchased from commercial vendors, and used without further
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purification. 1H and

13

C NMR spectra were obtained using a Bruker Advance DRX-500

spectrometer operating at 500 MHz (1H) or 126 MHz (13C). Spectra were calibrated to residual
protonated solvent peaks; chemical shifts are reported in ppm.
Photocatalysis Equipment and Methods. A 150 W Sciencetech SF-150C Small Collimated
Beam Solar Simulator equipped with an AM 1.5 filter was used as the light source for
photocatalytic experiments. Samples were placed 10 cm from the source; the distance at which 1
sun

intensity

(100

mW/cm2)

was

verified

with

a

power

meter

before

each measurement. Headspace analysis was performed using a gas tight syringe with a stopcock
and an Agilent 7890B Gas Chromatograph (GC) equipped with an Agilent Porapak Q 80-100 mesh
(6 ft x 1/8 in x 2.0 mm) Ultimetal column. Quantification of CO and CH4 was determined using a
methanizer coupled to an FID detector, while H2 was quantified using a TCD detector. All
calibrations were done using standards purchased from BuyCalGas.com. Formate analysis was
done according to a previously reported procedure.203
Photophysical Measurement Equipment and Methods. Luminescence spectra were obtained
with a PTI Quanta Master spectrofluorimeter equipped with single grating monochromators and a
PMT detector. Spectra were not corrected for PMT wavelength response. Transient absorption
spectra and excited state lifetimes were obtained using an Applied Photophysics LKS 60 optical
system with an OPOTek OPO (< 4 ns pulses) pumped by a Quantel Brilliant Laser equipped with
doubling and tripling crystals. Excitation of the chromophores was typically at 420 nm using
samples having an optical density of about 0.5. Samples (4 mL volume) containing the Re complex
were degassed by nitrogen bubbling for 20 min immediately prior to data acquisition.
Photocatalysis Procedure. To a 17 mL vial was added BIH (0.05 g, 0.24 mmol), DMF (1.8 mL),
catalyst (as a 0.2 mL DMF stock solution). The solution was bubbled vigorously with CO2 for at
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least 15 minutes until the solution volume reached 1.9 mL. Then, 0.1 mL of CO2 degassed TEA
was added, the tube was sealed with a rubber septum, and irradiated with a solar simulator for the
indicated

time.

During

the

photolysis,

headspace

analysis

was

performed

at

20, 40, 60, 120, and 240 minute time points. A 300 μL headspace sample was taken with a VICI
valve syringe. The gas in the syringe was compressed to 250 μL and the tip of the syringe was
submerged in a solution of diethyl ether before the valve was opened to equalize the internal
pressure to atmospheric pressure prior to injecting the contents of the syringe into the GC. The
entire 250 µL sample was then injected onto the GC. All experiments are average
values over at least 2 reactions. Turnover number (TON) values were calculated by dividing moles
of product (carbon monoxide) by moles of catalyst in solution. Reported turnover frequency (TOF)
values were determined from the fastest 20-minute time period of photocatalysis within the first
40 minutes as an estimate of the initial rate prior to significant catalyst deactivation and to account
for induction periods (i.e. The TON for an initial 20 minute segment was divided by 0.33 h to
obtain the reported TOF (h-1)).
Quantum Yield Measurements. Measurements were conducted similarly to a method previously
described.204 The number of moles of CO produced was monitored over time in 20 minute
increments for the first hour and then hourly after this time period. The segment of time producing
the most CO per hour was used in the calculations for quantum yield to give the maximum quantum
yield observed (1 hour time point in these cases). The photon flux in the reaction
was calculated by measuring the incident power density with a power meter (Coherent Field Mate
with a Coherent PowerMax PM10 detector). The solar simulator spectrum was cut off with a 700
nm cutoff filter since the catalysts do not absorb light beyond 700 nm. Through this method the
power density was estimated to be 57.3 mW/cm2. The illuminated reaction area was measured to
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be 1.69 cm2 which gives 96.9 mW or 9.69 x 10-2 J/s to the sample. The photon wavelength was
taken as centered at 400 nm since each of the catalysts show a low energy transition
shoulder in the UV-Vis absorption spectrum at 400 nm for an energy of 4.97 x 10-19 J. This gives
1.95 x 1017 photon per second in the reaction, which was used to calculate the quantum yield over
the most productive CO generating time frame via the equation:
CO = [(number of CO molecules x 2)/(number of incident photons)] x 100%

Anthracene + e– ⇋ (Anthracene)–
3

(Anthracene) → Anthracene

BIH ⇋ BIH+ + e–

E(AN/AN-) = -2.25 V vs Fc+/0

(1a)

𝐸𝑔𝑜𝑝𝑡 ~ 1.8 eV

(1b)

E(BIH+/BIH) = -0.24 V vs Fc+/0

(1c)205

5.3. RESULTS AND DISCUSSION
In general, plausible pathways for accelerated catalysis with a dinuclear complex relative
to a mononuclear analogue include: (1) cooperative catalysis in which both metal centers are
involved in substrate activation and conversion, or (2) one site acting as an efficient, covalentlylinked photosensitizer to the second site performing CO2 reduction. In the dual active site
mechanism (1), an intramolecular pathway may exist involving cooperative binding of the
substrate where CO2 is bridged between rhenium centers, potentially increasing the basicity of
CO2 and the rate of catalysis by facilitating C–O bond cleavage and the elimination of water in
subsequent steps. Intramolecular CO2 binding between metal centers is only expected for cisRe2Cl2 since CO2 is geometrically inhibited from interacting with both rhenium centers in transRe2Cl2.
For the photosensitizer pathway (2), it is generally accepted that Re(bpy)(CO)3Cl functions
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through a bimolecular pathway where one complex operates as a photosensitizer (PS) and a second
complex operates initially as a photocatalyst for the first reduction, then as an electrocatalyst which
receives the second electron needed for the 2e– reduction of CO2 to CO from a reduced PS in
solution.71 In this pathway, cis-Re2Cl2 and trans-Re2Cl2 are predicted to have superior reactivity
to mononuclear derivatives since both dinuclear systems could utilize one Re site as a PS and the
second as the catalyst, thereby increasing the relative concentration of PS near the active site. This
effect would be most dramatic at low concentrations where the intermolecular reaction necessary
for the monomers would be slow. Higher durability at low concentrations is known for
photocatalyst systems; however, most rely on a high PS loading to keep the effective concentration
of PS high in the dilute solution.206,207 The approach pursued here may enable a high rate of
reactivity to be retained at low concentrations while promoting increased durability.
Pathway (1)

Pathway (2)
BIH

hn

BIH•+

hn
+CO2
-Cl–

e–

BIH

+H+
-H2O

BIH•+

Figure 69. Key steps in potential pathways (1) and (2) with dinuclear rhenium catalysts. Analogous intramolecular
electron transfer is expected with cis-Re2Cl2 in the PS pathway (2).

In addition, sufficiently long-lived excited states are required for efficient solar-tochemical energy conversion, where longer lifetimes result in more efficient excited-state
quenching to generate catalytic species. One avenue to more persistent excited states in metal
polypyridine complexes is to link them with organic chromophores possessing long-lived triplet
excited states where decay pathways are strongly forbidden.208–213 Anthryl substituents have
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served effectively as the organic component in a variety of systems.208–210 Important light
absorption and excited-state decay pathways of such systems are depicted in Figure 70 where
excited states are ultimately funneled downhill by internal conversion and/or intersystem crossing
to the anthracene-based triplet excited state. Figure 70 also shows that the anthracene triplet state
has enough energy to produce the 1e– reduced Re complex in the presence of easily oxidized
sacrificial electron donors such as BIH.

Figure 70. Light absorption and excited-state electron transfer pathways in Re compounds with pendant anthracene.

The anthracene moiety also functions as a sterically bulky group that may inhibit
deleterious intermolecular catalyst deactivation pathways. Indeed, an iridium-based singlecomponent photocatalyst bearing an anthracene substituent was recently reported for CO2
reduction with improved stability.214 In this context, we report the photocatalytic activity and
photophysical properties of the dinuclear Re complexes shown in Fig. 1. For comparison,
experiments employing the same set of conditions were also performed in parallel with
mononuclear chromophore/catalysts Re(bpy)(CO)3Cl and anthryl-Re to disentangle the effect of
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more than one metal active site as well as the possible involvement of the pendant organic
chromophore in photocatalytic activity (Fig. 68).
For photosensitizer-free catalysis, the rhenium catalysts are initially photoexcited directly
into their long wavelength metal-to-ligand charge transfer (MLCT) absorption. This is followed
by reductive quenching in the presence of a sacrificial donor to form a ligand-centered radical
anion. With Re(bpy)(CO)3Cl, the ligand-centered anion is delocalized on the bpy ligand prior to
Cl– dissociation.71,158

In the Re2Cl2 complexes, the Re(bpy) units are in weak electronic

communication via the anthracene backbone (comproportionation constants (KC) of 50 were
determined electrochemically for each conformer),20 which could facilitate intramolecular electron
transfer between active sites.
As will be shown below, direct irradiation of the Re complexes in the presence of a
sacrificial electron donor leads to CO2 reduction to CO. While photocatalysis was expected, the
nature of the lowest energy excited state is different for the catalysts bearing anthracene versus
Re(bpy)(CO)3Cl. In deaerated solutions (N2) all three anthracene containing complexes exhibit
luminescence in the yellow/red spectral region as well as structured emission at longer
wavelengths (Figure D1). The lifetime of the yellow/red emission is approximately 400 ns for the
monometallic anthryl-Re complex, and 200 ns for both bimetallic Re complexes. The long
wavelength emission (with vibronic components having maxima at 688-700 nm and 764-772 nm)
has a double exponential decay with one component being 6-15 s and the other 23-90 s (Table
D1). This luminescence is completely quenched in the presence of O2 and, given the energy,
lifetime and O2 quenching behavior, this emission almost certainly arises from an anthracenelocalized triplet state obtained following energy transfer from the 3MLCT excited state.215 This
behavior is similar to reported metal polypyridine photo-sensitizers with pendant anthracene (or
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pyrene) functionality.208–210
It is not clear for these systems how the anthracene-localized triplet reacts with the BIH
electron donor to generate the reduced Re complex (quenching data shown in Fig. D2). Reduction
of the anthracene-localized triplet by BIH to generate the anthracene anion/BIH cation pair is
thermodynamically uphill by at least 0.21 V (Figure 70 and eqn (1) of the Appendix D).205 For the
reduced Re/oxidized BIH pair, the energy is 1.36 V above the ground state (Figure 70) and is
therefore accessible from the anthracene triplet (at 1.8 eV), but involves electron transfer between
the Re complex and the BIH while using the energy of the anthracene triplet. Note that an
intramolecular photoredox reaction between the anthracene triplet and the Re center (E(AN+/AN) ~
0.8 V and E(Re(bpy)/Re(bpy-)) ~ 1.6 V vs. Fc+/0) is also endergonic.

Figure 71. Transient absorption spectra at specified times after pulsed laser excitation (λ ex = 355 nm) of transRe2Cl2 in DMF under Ar purge (top) and trans-Re2Cl2 with BIH (0.01 M) under CO2 purge (bottom). No reaction
of the one-electron reduced trans-Re2Cl2 complex with CO2 is evident in the first 800 μs following excitation

Regardless of mechanism, these data clearly indicate that photoexcitation of the three
anthryl Re complexes results in an excited state that is largely localized on the anthracene as a
triplet. Excited-state electron transfer between this triplet and BIH occurs (kq ~ 1–5 x 107 M-1 s-1
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for the three complexes) to produce the reduced complex/oxidized BIH pair that, following
decomposition of the BIH cation radical, leaves the reduced Re complex to react with CO2.
Transient absorption spectroscopy shows that the 1e- reduced Re complexes formed by BIH
photoreduction under Ar or CO2 atmosphere exhibit no reaction over the first ~1 ms (Fig.71). This
clearly shows that disproportionation and reaction with CO2 do not occur on this time scale.
Having found that anthracene plays a significant role in the photochemistry of cis-Re2Cl2,
trans-Re2Cl2, and anthryl-Re, we turned to photocatalytic CO2 reduction in the presence of BIH
to understand how a dinuclear approach affects catalysis in a rigidified framework. Photocatalysis
was conducted with a solar simulated spectrum and CO was the only product observed by
headspace GC analysis.

Figure 72. Left) TON vs catalyst concentration. Middle) TOF vs catalyst concentration. TOF is fastest value
measured within first two timepoints. Right) TON for CO production vs time for 0.1 mM cis-Re2Cl2, 0.1 mM trans-
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Re2Cl2, 0.2 mM anthryl-Re, and 0.2 mM Re(bpy)(CO)3Cl. Conditions: DMF containing 5% triethylamine, 10 mM
BIH; irradiated with a solar simulator (AM 1.5 filter, 100 mW/cm -2).

Concentration effects were studied for all catalysts given the mechanistic implications
expected of these experiments (Figure 72, Table 20). Reported TOFs are for the fastest 20 min
time period within the first 40 min as an estimate of the initial rate prior to significant catalyst
deactivation. Broadly comparing dinuclear complexes to mononuclear complexes, significantly
higher reactivity is observed at low concentrations (0.05 mM) for the dinuclear complexes (158128 TOF h-1, 105-95 TON) when compared to the mononuclear complexes (43-17 TOF h-1, 34-16
TON). If the total concentration of metal centers is held constant, the mononuclear catalyst
concentration at 0.1 mM can be directly compared to the 0.05 mM dinuclear catalyst concentration.
This comparison shows a similar difference in the initial rates of mononuclear versus dinuclear
catalysts with the mononuclear catalysts showing TOF values of 43-23 h-1. These results suggest
a PS-based pathway is present as this explains how cis-Re2Cl2 and trans-Re2Cl2 have comparable
reactivity despite their structure, while substantially outperforming the mononuclear complexes at
low concentrations where intermolecular collisions are fewer. As the concentration increases, TOF
and TON values converge to similar rates and durability for all catalysts, presumably due to
intermolecular deactivation pathways that are prevalent at high concentrations. Interestingly, all
of the anthracene-based catalysts effectively stop evolving CO after the first hour, while Lehn’s
benchmark catalyst continues CO production up to 2 hours. In contrast to reported systems bearing
sterically bulky substituents that showed improved stability by limiting bimolecular deactivation
pathways, anthryl-Re is found to be less durable (vide infra).
Comparing the two dinuclear catalysts, trans-Re2Cl2 has higher TOF and TON values at
the lowest concentration analyzed in Figure 72 (0.05 mM). As the concentration increases, TOF
and TON values diminish faster for the trans conformer relative to its cis counterpart; qualitatively,
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their values follow similar trajectories. The faster decrease in TOF and TON for the trans
conformer suggests that it is more susceptible to intermolecular catalyst-catalyst deactivation
pathways. The performance trends for the Re2 complexes strongly suggests one rhenium site is
acting as a PS while the other performs catalysis. Moreover, these results indicate intramolecular
electron transfer between sites is similar for both dinuclear catalysts, consistent with their
equivalent KC values.20 To ensure the Re2 complexes are not photo-isomerizing to the same species
in solution, the catalysts were independently irradiated in d6-DMSO under N2 for up to 8 h. No
appreciable interconversion of either isomer was observed by 1H NMR, which suggests both
species retain their conformation over the reaction period. At very low concentrations (1 nM)
where some photocatalytic systems show higher TON values,207 the highest performing catalyst
trans-Re2Cl2 gives a remarkable 40,000 TON for CO. Notably, carbon monoxide from
Re(bpy)(CO)3Cl at 1 nM concentration was undetectable by the GC system used in these studies.

Table 20. Photocatalytic reaction TON, TOF, and quantum yield values.

Complex

concentration

max. TON

max. TOF

(mM)

(CO)

(h-1)

max.  (%)

anthryl-Re

0.05

34

43

0.6

anthryl-Re

0.1

38

43

1.1

anthryl-Re

0.2

20

30

1.4

anthryl-Re

0.5

16

18

2.6

anthryl-Re

1.0

12

12

2.9

cis-Re2Cl2

0.05

95

128

1.6

cis-Re2Cl2

0.1

78

105

2.6

cis-Re2Cl2

0.2

52

71

3.4

cis-Re2Cl2

0.5

31

37

4.3

cis-Re2Cl2

1.0

17

20

4.4
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trans- Re2Cl2

0.000001

40000

2500

---

trans- Re2Cl2

0.05

105

158

1.6

trans- Re2Cl2

0.1

63

92

2.2

trans- Re2Cl2

0.2

28

38

1.9

trans- Re2Cl2

0.5

27

30

4.0

trans- Re2Cl2

1.0

16

15

4.4

Re(bpy)(CO)3Cl

0.05

16

17

0.2

Re(bpy)(CO)3Cl

0.1

21

23

0.6

Re(bpy)(CO)3Cl

0.2

43

30

2.0

Re(bpy)(CO)3Cl

0.5

24

21

3.1

Re(bpy)(CO)3Cl

1.0

19

16

4.6

The two mononuclear complexes show TON values at dilute concentrations that are lower
than that observed at intermediate concentrations before again decreasing to lower TONs at high
concentrations. The TON values for the mononuclear catalysts peak at approximately 0.1-0.2 mM
with anthryl-Re peaking at a lower concentration than Re(bpy)(CO)3Cl. This behavior can be
rationalized if the reaction is bimolecular as prior reports strongly suggest for these types of
systems.71 At low concentrations, a PS complex and a catalyst complex interact less frequently
and potential decomposition of either species is more competitive. At intermediate concentrations,
more productive reactions can occur between PS and catalyst complexes. In the high concentration
regime, catalyst-catalyst deactivation pathways become competitive with CO production
pathways. This highlights a key difference between the mononuclear catalysts and the dinuclear
systems which retain a high effective concentration of PS as it is covalently linked to a reactive
site at low overall concentration. This circumvents to some degree the non-catalyst-catalyst
deactivation mechanisms by maintaining a fast CO production pathway. Comparing TOFs for the
monomers, anthryl-Re has a ~2-fold faster rate of catalysis at low concentrations. A significantly
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higher molar absorptivity was measured at 370 nm for anthryl-Re (11,100 M-1cm-1) relative to
Re(bpy)(CO)3Cl (3,800 M-1cm-1) and the excited state lifetime of anthryl-Re is significantly
longer than for Re(bpy)(CO)3Cl (> 1 s vs < 100 ns)216 enabling a greater degree of BIH
quenching. These factors may explain the difference in rates at these concentrations (Figure D3,
Table D1).

Figure 73. Plot of quantum yield versus catalyst concentration. Conditions: DMF containing 5% triethylamine, 10
mM BIH; irradiated with a solar simulator (AM 1.5 filter, 100 mW/cm 2).

Quantum yield estimations also show a significant difference in the catalytic behaviour of
the mononuclear versus dinuclear catalysts (Figure 73, Table 20). Between 0.05 mM and 0.5 mM
the dinuclear complexes have estimated quantum yields of 1.6-4.3% with higher concentrations
showing higher quantum yields. In the low concentration regimes, the dinuclear catalysts have
roughly double the quantum yield of the mononuclear catalysts. This offers additional evidence
that pathway 2 is operable in that both dinuclear complexes have relatively high quantum yields
at low concentrations. At the highest concentration evaluated (1.0 mM) where the mononuclear
catalyst can operate through an intermolecular PS pathway most efficiently, Re(bpy)(CO)3Cl and
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the dinuclear catalysts have similar quantum yields (4.4-4.6%). Based on previous work71,158 and
the results described here, a proposed mechanism for the Re2 photocatalysts is shown in Fig. 3,
which illustrates a division of duties for the two active sites and allows access to an exceptional
TON value for carbon monoxide of 40,000.

Figure 74. Proposed catalytic cycle for photochemical CO2 reduction to CO with the dinuclear Re catalysts, cisRe2Cl2 or trans-Re2Cl2. The trans conformer is shown in the specific example above.

5.4. CONCLUSION
Two dinuclear Re catalysts with well-defined, shape persistent structures and a
mononuclear analogue have been studied for light-driven CO2 reduction. Their photocatalytic
properties have been explored in parallel with benchmark catalyst, Re(bpy)(CO)3Cl. Incorporation
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of a pendant anthracene group on the bipyridyl ligand (anthryl-Re) had a modest effect on the
catalytic performance. In contrast, the Re2 catalysts perform significantly better (~4 x higher TON)
than the benchmark system when the relative concentration in rhenium is held constant (0.1 mM
dinuclear vs 0.2 mM mononuclear). Despite the structural differences of cis-Re2Cl2 and transRe2Cl2, their initial rates are comparable with both being dramatically faster (~6 x higher) than the
mononuclear complexes, which have comparable rates to each other. This suggests that the
mechanism for CO2 reduction may be similar for the two dinuclear complexes and does not require
a specific spatial orientation of the Re active sites. The excited state kinetics and emission spectra
reveal that the anthracene backbone plays a more significant role beyond a simple structural unit.
Evidence of an anthracene triplet state is observed, and given the energetically disfavored direct
reduction of the anthracene triplet state by sacrificial reductant BIH, a more complex mechanism
is potentially taking place beyond the Re(bpy) excitation/BIH reduction kinetics.
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CHAPTER 6
ENHANCED PHOTOCATALYTIC CO2 REDUCTION BY DINUCLEAR RE(I) COMPLEX
BY TUNING POSITIONAL CHANGES OF THE LINKED ANTHRACENE
CHROMOPHORE MOIETY
Manuscript in preparation
Sayontani Sinha Roy, Eva Amatya, Shakeiya Davis, Jared Delcamp, Russ Schmehl, and Jonah
W. Jurss*

Preface regarding contributions from researchers other than Sayontani Sinha Roy:
Eva Amatya assisted in the synthesis of the ligands and complexes. Shakeiya Davis collected some
initial photochemical data.

6.1 INTRODUCTION
Economic growth along with increasing global population continue to surge worldwide energy
consumption exponentially.217 This growing demand in energy needs a sustainable solution as it
is primarily obtained from limited fossil fuel reserve. The overreliance on fossil fuel combustion
to generate energy releases enormous amount of airborne pollutant and green-house gases - which
are ultimately responsible for health hazards and severe climate calamities.218 Renewable energy
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sources, such as - wind and solar energy, can be an attractive choice to mitigate this issue.
However, the intermittent nature of these sources makes them unreliable choice to power the
society and industrial applications. Storing the electrical energy produced by renewable sources in
the form of chemical bonds is a practical solution to address this challenge. In artificial
photosynthetic process, scientists are trying to mimic the nature by consuming CO2 as a C1
feedstock and converting it to various value-added commodity chemicals and fuels.4,104 Ideally,
these energy intensive processes can be driven by harnessing power from renewable sources.
However, designing suitable catalysts to lower the energy penalty and improve product selectivity
of these chemical conversions still needs significant improvement.
Several molecular catalysts5,14,19,33,96,123 consisting earth abundant metal centers have
shown great potentials in producing fuel precursor CO or practical fuels, such as CH4, with
excellent energy efficiency. However, most of these catalysts are not capable of harnessing solar
energy by their own; hence, require precious metal-based photosensitizers. In this regard, facRe(diamine)(CO)3X type of catalysts continue to garner attention in light-driven CO2 reduction
since its inception219 because it can work both as a light absorber and photocatalyst.
Multi-metallic complexes can potentially act as more effective catalysts for CO2 reduction as two
or more metal centers work in cohort to supply multiple redox equivalents along with facilitating
cooperative binding and activation of CO2. Several bimetallic Re-Re complexes220 and
supramolecular Re-Ru systems221–223 have been developed to study the effect of photosensitizerto-catalyst ratio and the length of the linker on light-driven CO2 reduction. Following this trend, a
rigid dinucleating anthracene-bridged ligand had been developed by our group which on
metalation yieled two diastereoisomeric cis-Re2Cl2 and trans-Re2Cl2 complexes. Bifunctional CO2
activation was achieved for only cis-Re2Cl2, whereas the trans isomer was seen to activate CO2 in
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a single-site monometallic pathway during electrochemical CO2 reduction.224 However, in case of
photochemical CO2 reduction both the isomers operated in similar fashion, which was postulated
by the fact that one Re center was harnessing solar power and transferring to the second one where
the catalysis occurred.225All these systems have exhibited durable catalysis as the presence of rigid
anthracene backbone prevented deleterious Re-Re dimer formation. A similar system with
xanthene bridge was recently reported which also demonstrated superior performance in
photochemical CO2 reduction under visible light irradiation.226

Figure 75. Isomeric dinculear Re2Cl2 and mononuclear Re

In this study we took another closer look at our dinuclear Re systems to further enhance the
catalytic activity by rational structural modifications. The remarkable performance of the
previously reported cis-Re2Cl2 and trans-Re2Cl2 complexes can also be justified by the long-lived
triplet excited state achieved due to the presence of anthracene chromophore.224,225 During
photochemical reactions, the complexes bearing pendant anthracene moiety absorb photons of
appropriate energy and reach a higher energy excited state where metal-to-ligand charge transfer
(MLCT) takes place. This excited state is simultaneously channeled down to reach an anthracenebased triplet excited state which is substantially long-lasting. This excited state gets reductively
quenched by the sacrificial electron-donor (BIH), which in terms promote durable photochemical
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CO2RR. Both the Re-bpy units in cis-Re2Cl2 and trans-Re2Cl2 are positioned perpendicularly with
respect to the chromophore unit; having the rotation of the Re-bpy units restricted. In this study,
we sought to understand the effect of closely spaced, co-planner, and freely rotating Re-bpy units
around the anthracene chromophore on light-driven CO2 activation and conversion. We have
presented the synthesis, characterization, and enhanced photochemical CO2RR activity of isomeric
dinuclear Re2Cl2 catalysts in comparison to previously demonstrated system.

6.2 MATERIALS AND METHODS
Materials and Methods. Unless otherwise mentioned all the syntheses were done under nitrogen
atmosphere using Schlenk line techniques and a MBraun glovebox. All the solvents
(dichloromethane (DCM), 1,4-dioxane, acetonitrile, n,n-dimethylformamide (DMF) and toluene)
were freshly distilled before using for synthesis and electrochemistry. A Barnstead NANOpure
Diamond water purification system has been used to purify water. Potassium carbonate and
rhenium(I) pentacarbonyl chloride have been purchased from Oakwood chemicals.
Tetrakis(triphenylphosphine)palladium(0), 1,8-dichloroanthraquinone, and 9-anthraceneboronic
acid have been purchased from Acros Organics. The other chemicals and solvents used for this
project are of ACS grade and used without any further purification. HR-ESI-MS were obtained by
a Waters SYNAPT HDMS Q-TOF mass spectrometer. 1H and 13C NMR spectra were taken with
a Bruker spectrometer operating at 300 or 400 MHz for 1H NMRs, and 75 or 100 MHZ for 13C
NMRs.
UV-Vis instrumentation: UV-Vis spectra of the complexes were taken in an Agilent technologies
Cary 8454 spectrophotometer. The solutions were prepared in freshly distilled DMF.
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Photochemical Measurements. A white LED light (λ > 400 nm) was purchased form Thor
Laboratories has been utilized to perform all the photocatalytic experiments. The intensity has been
adjusted with a Coherent FieldMateTM power meter to 1 sun illumination (180 mW). Triethylamine
(TEA) has been distilled freshly prior to each experiment. The photochemical experiments were
performed in 17 mL pyrex phototubes. Prior to each experiment, calculated amount of catalyst
stock solution, TEA, BIH, and appropriate amount of additional solvent (CH3CN or DMF) were
added to the Pyrex tube. The tube was then sealed with a rubber septum and degassed thoroughly
with CO2 or N2 with a long needle until the excess solvent was removed. The headspace gas was
injected to Perkin Elmer Clarus 680 series gas chromatograph with a dual detector system (TCD
and FID). Ultrahigh-purity nitrogen was used as carrier gas. The liquid products were detected and
quantified by analyzing the 1H NMR NMR of the photolyzed solution after each experiment. All
the experiments are duplicated and the background TONs (TON under inert atmosphere) were
deducted from that of under catalytic conditions before reporting.
Synthesis of the ligands and metal complexes. The synthesis of dinuclear cis-Re2Cl2 and transRe2Cl2 are described in our previous report.20 The ligand precursor 4-bromo-2,2'-bipyridine and
1,8-bis(neopentylglycolatoboryl)anthracene

were

prepared

via

previously

published

procedures.20,227,228 Synthesis of the new ligands and metal complexes are describe below:

Figure 76. Synthetic scheme of ligand L1 and complex anthryl-Re

153

4-(anthracen-9-yl)-2,2′-bipyridine, (1). In a two-neck round bottom flask, K2CO3 (1.148 mL of
1.5 M) and ethanol (1.88 mL) were added. The flask was purged with N2 for 15 minutes. 9anthraceneboronic acid (0.15 g, 0.675 mmol) and 4-bromo-2,2’-bipyridine (0.2 g, 0.85 mmol) were
added against positive pressure of N2 along with 5 mL anhydrous toluene. The reaction mixture
was stirred at 100 °C for 48 hours. The reaction progress was monitored by TLC. After the reaction
was completed the suspension was cooled down to room temperature. Saturated aqueous NH4Cl
(1.94 mL) and H2O (1.94 mL) were added to the flask. The resulting solution was then extracted
several times with DCM and evaporated to dryness to get a yellow powder. A silica gel
chromatography was performed with 5:1 Hx:EtOAc as eluent to purify the desired product. Yield:
62 %. 1H NMR (500 MHz, DMSO-d6): δ 9.24 (d, J = 5.55 Hz, 1H), 9.10 (d, J = 5.95 Hz, 1H),
9.01 (s, 1H), 8.87 (s, 1H), 8.84 (d, J = 8.1 Hz, 1H), 8.29 - 8.25 (m, 4H), 7.88 (d, J = 5.5 Hz, 1H),
7.78 (t, J = 7.0 Hz, 1H), 7.70 (d, J = 9.0 Hz, 1H), 7.63 – 7.52 (m, J = 7.2, 6H), 7.44 (d, J = 7.8 Hz,
1H).
Re(L1)(CO)3Cl, (mononuclear-Re). In an oven-dried round bottom flask, 4-(anthracen-9-yl)2,2’-bipyridine (50 mg, 0.15 mmol) and toluene (5 mL) were added. The suspension was stirred
and the flask was purged with N2 for 15 min. Re(CO)5Cl (54.25 mg 0.15 mmol) was added to the
mixture under positive pressure of N2. The suspension was then refluxed at 115 oC overnight. The
precipitated yellow solid was then filtered and washed with hexane. Yield: 78%. 1H NMR (500
MHz, DMSO-d6): δ 8.96 (d, J = 4.25 Hz, 1H), 8.79 (s, 1H), 8.61 (d, J = 2.9 Hz, 1H), 8.57 (d, J =
7.6 Hz, 1H), 8.41 (s, 1H), 8.21 (d, J = 8.25 Hz, 2H), 8.02 (t, J = 7.3, J = 8.35 Hz, 1H), 7.59 – 7.55
(m, 5H), 7.49 – 7.46 (m, 4H). 13C NMR (126 MHz, DMSO-d6): δ 198.32, 190.59, 156.38, 155.83,
153.30, 151.10, 140.74, 131.84, 131.15, 130.60, 129.25, 128.89, 128.44, 127.59, 127.47, 127.22,
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126.22, 126.06, 125.22. HR-ESI-MS (M+) m/z calc. for (mononuclear-Re + Cs+) 770.9453,
Found : 770.9461

Figure 77. Synthetic scheme of ligand L2 and isomeric complexes iso-Re2Cl2

1,8-di([2,3′-bipyridin]-4yl)anthracene, (L2). In a two-neck round bottom flask, K2CO3 (0.776 mL
of 1.5 M) and ethanol (1.5 mL) were added and the flask was degassed for 15 min. 1,8bis(neopentylglycolatoboryl)anthracene (0.078 g, 0.194 mmol) and 4-bromo-2,2’-bipyridine (0.11
g, 0.467 mmol) were added to the flask against positive pressure of N2. Then, toluene (5 mL) was
added to the flask and the reaction mixture was allowed to reflux at 100 oC for 24 hours. After the
reaction was completed (confirmed by TLC) and cooled to room temperature, 1.94 mL saturated
aqueous NH4Cl solution and 1.94 mL H2O were added to the flask. The solution was then extracted
with DCM several times. The organic layers were combined and evaporated to dryness to get a
yellow powder. The desired product was purified by silica gel chromatography using hexanes:ethyl
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acetate (5:1) as eluent. Yield: 46%. 1H NMR (500 MHz, Acetone-d6): δ 8.85 (s, 1H), 8.76 (s, 1H),
8.66 – 8.63 (m, 4H), 8.49 (d, J = 7.9 Hz, 2H), 8.33 (d, J = 4.8 Hz, 2H), 8.28 (d, J = 8.55 Hz, 2H),
7.96 (br t, J = 7.55 Hz, 2H), 7.71 (t, J = 6.85 Hz, 2H), 7.66 – 7.65 (m, 3H), 7.44 – 7.41 (m, 2H).
Re2(L2)(CO)6Cl2, (iso-Re2Cl2): In an oven-dried two-neck round bottom flask, 1,8-di([2,3’bipyridin]-4yl)anthracene (50 mg, 0.103 mmol) was stirred in toluene (5 mL). The solution was
purged with N2 for 15 mins. Then, Re(CO)5Cl (24.33mg, 0.206 mmol) was added to the mixture
under positive pressure of N2 and the suspension was refluxed at 115 oC overnight. The precipitated
yellow powder was then filtered and washed with hexane. Yield: 61%. We were unable to separate
two distinct isomers. Therefore, all the characterization and experimental studies were performed
using this isomeric mixture. 1H NMR (500 MHz, DMSO-d6): δ 9.12 (s, 1H), 9.05 – 8.99 (m, 4H),
8.91 (d, J = 8.25 Hz, 1H), 8.86 (m, J = 5.05, 5.3 Hz, 1H), 8.76 (d, J = 5.4 Hz, 1H), 8.66 (d, J =
13.85 Hz, 1H), 8.42 – 8.36 (m, 3H), 8.25 (t, J = 7.65, J = 6.75 Hz, 1H), 8.11 (s, 2H), 7.81 – 7.78
(m, 4H), 7.73 (t, J = 6.9, J = 5.9 Hz, 1H). HR-ESI-MS m/z calc. for (iso-Re2Cl2 + Cs+) 1230.913,
Found, 1230.9124. Elemental analysis calc. for C40H22Cl2N4O6Re2.2.5 H2O. C, 42.7; H, 2.32; N;
4.94. Found: C, 42.3; H, 2.71; N, 4.5.
6.3 RESULTS AND DISCUSSION
The mononuclear-Re and the iso-Re2Cl2 have been synthesized by metalating the
corresponding ligands with Re(I)(CO)5Cl. The complexes have been characterized by using 1H
NMR & 13C NMR, ESI-MS, and elemental analysis. However, the dinuclear complex has been
obtained as an isomeric mixture and we were unable to purify them by column chromatography or
crystallization techniques even after multiple attempts. Thereby, we decided to use the isomeric
mixture of the dinuclear complexes for further studies.
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Both the iso-Re2Cl2 and mononuclear-Re complexes have been analyzed through UV-Vis
spectroscopy in DMF and shown in Fig 78. The mononuclear-Re shows a band around 380 nm
with a molar extinction coefficient value of 4500 M-1cm-1. The spectrum of iso-Re2Cl2 reveals a
stronger intense absorption around 400 nm with a molar extinction coefficient value of ~25000 M1

cm-1. These bands typically signify MLCT transition in Re-tricarbonyl species. However, the

spectrum is about ~20 nm red shifted in case of iso-Re2Cl2 probably because of the π-stacking
interaction in the bipyridine fragments.229 The higher energy bands in both cases are indicative of
the π-π* transitions in the ligand moiety.

Figure 78. UV-Vis spectrum of A) mononuclear-Re and B) iso-Re2Cl2 in DMF

Photochemical CO2 reduction studies have been performed with the previously developed
dinuclear Re-bpy systems225 along with the newly developed mononuclear and dinuclear Re
catalysts in DMF solution containing 5% TEA and 10 mM BIH as sacrificial electron donors. The
solutions were irradiated using an LED light source with adjusted intensity of 1 sun illumination.
As we were unable to isolate the isomers of the iso-Re2Cl2, the catalytic studies were performed
with the isomeric mixture. To keep the metal concentration constant in the solutions, the
monometallic systems were kept at 0.2 mM concentrations, whereas, the dinuclear systems were
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kept at 0.1 mM. All the complexes have demonstrated the ability to catalyze CO2RR with selective
formation of CO as the sole gaseous product. Trace amount of HCOOH has been detected by
analyzing the 1H NMR spectra of the photolyzed solution by procedure reported elsewhere.230
However, the TON of the liquid carbon product was less than 1 in all experimental conditions.
Under the identical photochemical conditions, the newly synthesized isomeric mixture of
dinuclear Re2Cl2 shows durable performance (TONCO = 96) compared to previously reported cisRe2Cl2 and trans-Re2Cl2 conformers (Fig 79 A). The cis-Re2Cl2 and trans-Re2Cl2 stopped evolving
CO only after one hour of solar irradiation. On the other hand, the newly synthesized bimetallic
catalyst continues to produce CO even after 6 hours. Surprisingly, the mononuclear Re also
demonstrates high TON for CO generation (TONCO = 32); which is similar to cis-Re2Cl2 and transRe2Cl2 conformers. It was postulated that in case dinuclear Re2Cl2 units, one Re center essentially
acts as a photosensitizer (PS) to harness solar irradiation and the second one acts as catalyst to
convert CO2 to CO. Since the dinuclear complexes have multiple metal center in one catalyst
scaffold, the relative concentration of PS near the catalytic center stays high compared to the
monomeric catalyst which accounts for their elevated activity. However, the comparable
performance of mononuclear Re to the previously reported system can be reasoned through
extended π-conjugation by making the Re-bpy unit coplanar to the anthracene chromophore
moiety. Indeed, in terms of longevity both the isomeric dinuclear Re2Cl2 and mononuclear Re
clearly outperform their previously reported counterparts.
Increasing catalyst concentrations in homogeneous photocatalysis systems is desirable
when considering future practical implementation where the total CO produced must be balanced
against catalyst durability. To probe the hypothesis that steric bulk allows for high catalyst
concentrations before deleterious effects are observed, photocatalysis experiments were conducted
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at various concentrations for comparison. Experiments conducted at significantly larger catalyst
concentration (1 mM) shows minute CO generation for all catalysts which is suggestive of the
formation of deactivating Re-Re bonded species by intermolecular/intramolecular deactivation.
Interestingly, the mononuclear Re complex shows impressive TONs (70) for generating CO even
at a very low concentration (0.05 mM) (Fig. 79 B). As the catalytic pathway is bimolecular in
nature231, this trend is surprising since at a lower concentration PS and catalyst interact less
frequently to facilitate photochemical CO2RR. Therefore, in this case, it can be indirectly reasoned
that sufficiently longer-lived excited states relative to the previously reported catalysts are
responsible for efficient quenching by the sacrificial electron donor to initiate better catalysis. For
both the monometallic catalyst, the performance is significantly improved at the intermediate
concentrations. In case of mononuclear Re, the TON for CO production are about 3-fold higher
than that of anthryl-Re at relatively larger concentration (0.5 mM), suggesting that the bimetallic
deactivation is minimized in this case.

Figure 79. A) TONCO vs time graph, B) Maximum TON obtained vs. catalyst concentration and C) Fastest TOF
obtained for 0.1 mM cis-Re2Cl2, trans-Re2Cl2, and iso-Re2Cl2, 0.2 mM anthryl-Re and mononuclear-Re.
Conditions: DMF containing 10 mM BIH and 5% TEA

Generally, the molecular complexes show stunning performance (larger TON) at very low
concentration due to less intermolecular deactivation. The trans-Re2Cl2 was reported to attain a
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staggering 40,000 TONs at 1 nM concentration in our previous report.225 The outstanding
performance of these newly synthesized systems motivated us to investigate them at lower
concentrations in identical conditions. Isomeric iso-Re2Cl2 shows a striking value of 82,000 TONs
for CO production at 10 nM concentration in DMF which is about twofold higher than the previous
report (Table 21).
Table 21. Summary of photocatalytic experiments.

Solvent

DMF

DMF

DMF

DMF

Catalyst

iso-Re2Cl2

mononuclear-Re

cis-Re2Cl2

trans-Re2Cl2

Concentration
(mM)

TON

Quantum Yield (φ)
(%)

1

9.4

3.03

0.5

23

3.71

0.2

51

3.43

0.1

96

3.16

0.05

83

1.35

0.00001

81737

0.26

1

6.2

2.1

0.5

19

2.3

0.2

32

2.14

0.1

65.2

2.14

0.05

70

1.17

0.00001

11049

0.065

1

7

2.45

0.5

10.8

2.12

0.2

22

1.47

0.1

40

1.25

0.05

54

0.89

1

7

2.45

0.5

13

2.3

0.2

21

1.47
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DMF

CH3CN

0.1

32

1.05

0.05

41

0.65

1

6.2

2.09

0.5

15

2.4

0.2

16

1.11

0.1

27

0.89

0.05

25

0.44

iso-Re2Cl2

0.1

148

5.31

mononuclear-Re

0.1

80

2.76

anthryl-Re

The newly synthesized systems demonstrated CO generation for extended period compared
to cis-Re2Cl2 and trans-Re2Cl2. However, the previously reported cis-Re2Cl2 shows relatively
faster catalysis than the newly synthesized iso-Re2Cl2, which is evident by the TOF measurements.
Here, the TOFs were measured for the fastest 20 minutes period of the first one hour of catalysis.
The efficiency and selectivity of a photocatalyst largely depends on the some common
variables; especially – the solvent and the sacrificial electron donor.232,233 CH3CN and DMF are
the two most common organic solvents of choice for homogeneous photochemical CO2RR. The
simple positional changes in the ligand geometry enabled the newly synthesized complexes to be
soluble in acetonitrile, a less polar solvent than DMF. In CH3CN under identical reaction
conditions both mononuclear Re and isomeric dinuclear Re2Cl2 show dramatic improvement for
CO2 to CO conversion in comparison to DMF. The max TON obtained for mononuclear Re was
found to be 80 (Fig. 80 and Table 21), which is ~2.5 times greater than that found in DMF. Similar
results have been obtained for its bimetallic counterpart, where the TON for CO production was
found to be 148 (~1.5 times higher than the value in DMF) (Fig, 80 and Table 21).
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Figure 80. TONCO vs time of the newly synthesized catalysts. Condition: 0.1 mM iso-Re2Cl2, 0.2 mM
mononuclear-Re, 10 mM BIH, 5% TEA in acetonitrile.

Interestingly, with the significant increase in the durability of the catalysts in CH3CN, faster
catalysis was also attained. TOFs in MeCN were found to be 79 h-1 and 88 h-1 for mononuclear Re
and isomeric dinuclear Re2Cl2, respectively, which are about 4-fold higher than the respective
values in DMF. Similar studies could not be conducted on the previously reported cis-Re2Cl2 and
trans-Re2Cl2 due to solubility constraints.
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Figure 81. Plot of quantum yield vs. catalyst concentration. Condition: DMF solution of catalysts with 10
mM BIH, 5% TEA.

Our second-generation catalysts show noteworthy improvement in quantum yields
compared to their previous counterparts. Quantum yields are dependent on the concentration of
the catalytic systems. Quantum yields varies from 2.3% to 3.71% for higher concentration (0.5
mM) for all the catalysts, whereas the values drop down to the range 0.44% to 1.35% when the
catalysts concentration were lower (0.05 mM) (Table 21). Remarkably, the mononuclear Re shows
comparable quantum yields to he previously synthesized cis-Re2Cl2 and trans-Re2Cl2 system. This
observation supports our assumption that the unrestricted rotation of the Re-bpy units around the
anthracene positively influences the catalysis.

6.4 CONCLUSION
Bimetallic Re complexes featuring a chromophore unit have proven to be promising
candidates for photochemical CO2RR. Here, the isomeric dinuclear Re2Cl2 shows strong and
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intense absorption due to MLCT transition in the visible region of the UV-Visible spectrum than
its monomeric counterpart. Results obtained from the photocatalysis confirms that the
mononuclear-Re and iso-Re2Cl2 are selective and show notable performance towards CO2
reduction. In DMF, the iso-Re2Cl2 shows a TON of 96, which is 2.5-fold higher than the values
obtained by the previously reported cis-Re2Cl2 and trans-Re2Cl2. Also, these newly synthesized
complexes can catalyze CO2 for a longer period of time compared to the previous system. Although
the photophysical studies are currently underway, but the photoactivity of these second-generation
catalysts supports our hypotheses that the unhindered rotation has a positive influence on the
catalytic activity.
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APPENDIX A
ADDITIONAL INFORMATION FROM CHAPTER 2

NMR spectra of the ligands and the complexes

187

Figure A1: 1H NMR spectrum of L1 (300 MHz, CD3CN)
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Figure A2: 13C NMR spectrum of L1 (75 MHz, CDCl3)

Figure A3: 1H NMR spectrum of L2 (300 MHz, CD3CN)
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Figure A4: 13C NMR spectrum of L2 (100 MHz, CDCl3)

Figure A5: 1H NMR spectrum of L3 (300 MHz, CD3CN)
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Figure A6: 13C NMR spectrum of L3 (100 MHz, CDCl3)

Figure A7: 1H NMR spectrum of 1-Re (300 MHz, CD3CN)
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Figure A8: 1H NMR spectrum of 2-Re (300 MHz, CD3CN)

Figure A9: 1H NMR spectrum of 3-Re (300 MHz, CD3CN)
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FT-IR spectra of the complexes

Figure A10: FT-IR (KBr) spectrum of 1-Re in solid state

Figure A11: FT-IR (KBr) spectrum of 2-Re in solid state
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Figure A12: FT-IR (KBr) spectrum of 3-Re in solid state

Figure A13: Hydrogen-bonding in 2-Re: Crystal structure of 2-Re with co-crystallized outer-sphere DMF molecule.
Thermal ellipsoids rendered at the 50% probability level.
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Figure A14. (Left) Cyclic voltammograms of 0.5 mM 1-Re in CH3CN / 0.1 M Bu4NPF6 solution under N2 atmosphere
at different scan rates. (Right) Scan rate dependence: A plot of reductive peak currents vs the square root of the scan
rate. The black linear fit corresponds to the first reduction and the red linear fit corresponds to the second reduction.

Figure A15. (Left) Cyclic voltammograms of 0.5 mM 2-Re in CH3CN / 0.1 M Bu4NPF6 solution under N2 atmosphere
at different scan rates. (Right) Scan rate dependence: A plot of reductive peak currents vs the square root of scan rate.
The black linear fit corresponds to the first reduction and the red linear fit corresponds to the second reduction.
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Figure A16. (Left) Cyclic voltammograms of 0.5 mM 3-Re in CH3CN / 0.1 M Bu4NPF6 solution under N2 atmosphere
at different scan rates. (Right) Scan rate dependence: A plot of reductive peak currents vs the square root of scan rate.
The black linear fit corresponds to the first reduction and the red linear fit corresponds to the second reduction.

Figure A17. (Left) Cyclic voltammograms of 0.5 mM ReBpy in CH3CN / 0.1 M Bu4NPF6 solution under N2
atmosphere at different scan rates. (Right) Scan rate dependence: A plot of reductive peak currents vs the square root
of scan rate. The black linear fit corresponds to the first reduction and the red linear fit corresponds to the second
reduction.
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APPENDIX B
ADDITIONAL INFORMATION FROM CHAPTER 4
Characterization of the Complexes:

Figure B1. 1H NMR spectrum of 1-Mn (300 MHz, acetone-d6).
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Figure B2. 1H NMR spectrum of 2-Mn (300 MHz, acetone-d6).

Figure B3. 1H NMR spectrum of 3-Mn (300 MHz, acetone-d6).
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Figure B4. 1H NMR spectrum of [1-Mn]+ (300 MHz, acetone-d6).

Figure B5. 13C NMR spectrum of [1-Mn]+ (75 MHz, acetone-d6).
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Figure B6. HR-MS spectrum of 1-Mn.

Figure B7. HR-MS spectrum of 2-Mn.
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Figure B8. HR-MS spectrum of 3-Mn.

Selected Electrochemical Data:

Figure B9. Background CVs obtained in the absence of catalyst in CH3CN / 0.1 M Bu4NPF6 solution under N2 (black)
and CO2 (red). Scan rate = 100 mV/s. Current enhancement due to proton reduction at the glassy carbon electrode is
suppressed when a catalyst is present (Figure 4 main text).
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Figure B10. (Left) Cyclic voltammograms of 0.5 mM 1-Mn in CH3CN / 0.1 M Bu4NPF6 solution under N2 atmosphere
at different scan rates. (Right) Scan rate dependence: A plot of reductive peak currents versus the square root of the
scan rate. The black linear fit corresponds to the first reduction and the red linear fit corresponds to the second
reduction.

Figure B11. (Left) Cyclic voltammograms of 0.5 mM [1-Mn]+ in CH3CN / 0.1 M Bu4NPF6 solution under N2
atmosphere at different scan rates. (Right) Scan rate dependence: A plot of reductive peak currents versus the square
root of the scan rate. The black linear fit corresponds to the first reduction and the red linear fit corresponds to the
second reduction.
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Figure B12. (Left) Cyclic voltammograms of 0.5 mM 2-Mn in CH3CN / 0.1 M Bu4NPF6 solution under N2 atmosphere
at different scan rates. (Right) Scan rate dependence: A plot of reductive peak currents versus the square root of the
scan rate. The black linear fit corresponds to the first reduction peak.

Figure B13. (Left) Cyclic voltammograms of 0.5 mM 3-Mn in CH3CN / 0.1 M Bu4NPF6 solution under N2 atmosphere
at different scan rates. (Right) Scan rate dependence: A plot of reductive peak currents versus the square root of the
scan rate. The red linear fit corresponds to the first reduction peak.
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Figure B14. CVs of MnBpy at 0.5 mM concentrations in CH3CN / 0.1 M Bu4NPF6 under N2 (black), CO2 (red), N2
with TFE (green), and CO2 with TFE (blue). The [TFE] is selected on the basis of the optimized condition of the
newly synthesized catalysts. Scan rate = 100 mV/s; glassy carbon working electrode.

Figure B15. (Left) Cyclic voltammograms at different scan rates of 0.5 mM 2-Mn in CO2-saturated CH3CN / 0.1 M
Bu4NPF6 solutions containing 15% TFE. (Right) A plot of TOF (s -1) vs scan rate (mV/s) for 2-Mn at the high
overpotential regime. TOFs were determined from the CVs in the left figure using eq 2 as described in the experimental
section.
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Figure B16. Concentration dependence of added trifluoroethanol (TFE) as a proton source. Cyclic voltammograms
of 0.5 mM catalyst A) 1-Mn, B) 2-Mn, and C) 3-Mn with increasing amounts of added TFE in CO2-saturated CH3CN
/ 0.1 M Bu4NPF6 solution,

= 100 mV/s. The peak catalytic current is plotted against the corresponding [TFE].
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Table B1. Result of controlled potential electrolysis experiments of 1-Mn at different applied
potentials.
Eappl (V)

H+ source

-2.05

15% TFE

4.83 ± 0.17

83 ± 3

-1.95

15% TFE

3.14 ± 0.16

73 ± 2

-1.84

15% TFE

2.42 ± 0.11

77 ± 4

-1.53

20% TFE

1.97 ± 0.07

75 ± 2

Charge (C)

FECO (%)

Potentials are versus Fc+/0, rounded to the nearest 0.01 V, and measured at

= 100 mV/s. Glassy carbon disk working,

platinum wire counter, and silver wire quasi-reference electrodes. The catalytic parameters are measured in CO 2saturated CH3CN / 0.1 M Bu4NPF6 solutions containing the specified amount of TFE and 0.5 mM catalyst (1-Mn).
The reported charges and FEs are averages of three runs. Formic acid was detected in all experiments with FE ≤ 5%.
No quantifiable H2 was detected during 1 h electrolysis.

Selected Photocatalytic Controlled Experiment Data:
Table B2. Photocatalytic control experiments of 1-Mna
Atmosp
Entry

[1-Mn]

[(Ru(bpy)3]2+

[BIH]

CH3CN:TEOA

TONCO

TONHCOOH

TONH2

here
1b

0.1 mM

0.1 mM

50 mM

5:1

CO2

121

23

6

2

-

0.1 mM

50 mM

5:1

CO2

2

5

3

3

0.1 mM

-

50 mM

5:1

CO2

2

-

1

4

0.1 mM

0.1 mM

-

5:1

CO2

5

5

1

5c

0.1 mM

0.1 mM

50 mM

No TEOA

CO2

11

10

2

6

0.1 mM

0.1 mM

50 mM

5:1

N2

3.5

<1

2
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a

All TONs are reported after 12 h of irradiation. All reported values are the average of three runs and have ≤ 5%

deviations associated with them. bBackground subtracted from the experiment performed under N 2. cSome
precipitation was noticed after ~3 h into the experiment.

Table B3. Results of photocatalysis of MnBpy using different catalyst concentrations
[MnBpy]
(mmol L-1)

Entry

CO
(TON)

HCO2H
(TON)

H2
(TON)

CS
(%)

1

0.1

33

23

3

95

2

0.01

58

86

21

87

3

0.001

100

170

53

83

4

0.0001

1013

1687

388

87

All experiments were performed in CH3CN:TEOA (5:1) in presence of the specified amount of catalyst, 0.1 mM
[Ru(bpy)3](PF6)2, and 50 mM BIH under CO2 atmosphere. Turnover numbers (TON) are calculated based on
[catalyst]. The TON values are reported as the averages of three runs and have ≤ 5% deviations associated with them.
Irradiation time = 12 h. Solar-simulated LED light source.
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Figure B17. Hg Homogeneity Test: A photocatalysis experiment of 1-Mn under CO2 with (dashed line) and without
(solid line) Hg. Mercury was added by syringe after the reaction was initiated. Reaction condition: CH 3CN:TEOA
(5:1) solution containing 0.1 mM catalyst, 0.1 mM [Ru(bpy)3](PF6)2, and 50 mM BIH under CO2 atmosphere.

Table B4. Experimental νCO frequencies of different intermediates detected by IR spectrophotochemical (SPC) and
spectroelectrochemical (SEC) reduction of 1-Mn and related intermediates.

Species

[Mn(L1)(CO)3(CH3CN)]+,
[1-Mn]+
[HMn(L1)(CO)3]

CO,

cm-1

Technique

Solvent

Reference

2045, 1961, 1945

IR-SEC

This work

2044, 1961, 1943

IR-SPC

CH3CN
CH3CN/TEOA
(5:1)

1974, 1890, 1872

IR-SEC

This work

1988, 1895, 1882 (sh)

IR-SPC

CH3CN
CH3CN/TEOA
(5:1)

1987, 1899, 1878 (sh)

IR-SEC

CH3CN

99

1991, 1892, 1888 (sh)

IR-SEC

CH3CN

99

1984, 1884

IR-SEC

CH3CN

98

1974, 1930, 1872,
1847

IR-SEC

CH3CN

This work

This work

This work

[HMn(pdbpy–H+)(CO)3]–
[HMn(bpy)(CO)3]

[HMn(bpy1)(CO)3]
[Mn(L1)(CO)3]2
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[Mn(L1)(CO)3] ̶

1988, 1942, 1896,
1865

IR-SPC

1912, 1811 (br)

IR-SEC

1911, 1812 (br)

IR-SPC

CH3CN/TEOA
(5:1)
CH3CN
CH3CN/TEOA
(5:1)

This work
This work
This work

Table B5. Experimental vCO frequencies of different intermediates detected by IR-SEC experiments on 1-Mn, [1Mn]+, 2-Mn, and 3-Mn, and related fac-Mn(CO)3 complexes.

Species

vCO, cm-1

Solvent

[Mn(L1)(CO)3Br], 1-Mn
[Mn(L2)(CO)3Br], 2-Mn
[Mn(L3)(CO)3Br], 3-Mn
[Mn(L1)(CO)3(CH3CN)]+,
[1-Mn]+

2025, 1937, 1917

CH3CN

2025, 1937, 1914

CH3CN

2024, 1937, 1912

CH3CN

2045, 1961, 1945

CH3CN

[Mn(bpy)(CO)3Cl]

[Mn(mesbpy)(CO)3Br]

2025(s), 1936 (m), 1913
(m)
2023 (s), 1935 (m), 1914
(m)
2023, 1936, 1913

[Mn(bpy-tBu)(CO)3Br]

Reference

This work

THF

234

THF

235

CH3CN

236

2028, 1933, 1923

CH3CN

237

[Mn(pyrox)(CO)3Br]

2028, 1932, 1923

CH3CN

238

Mn(pbt)(CO)3Br

2018, 1912

ATR

239

[Re(bpy)(CO)3Cl]

2020.5, 1914, 1897

CH3CN

147

[Mn(L1)(CO)3(CH3CN)]
[Mn(bpytBu)(CO)3(CH3CN)]
[Re(bpy)(CO)3(CH3CN)]
[Mn(L1)(CO)3]

2013, 1915, 1902

CH3CN

This work

DFT: 2025, 1929, 1918

CH3CN

240

2011, 1895 (br)

CH3CN

147

1974, 1890, 1872

CH3CN

This work

1973, 1883, 1866

CH3CN

236

[Mn(bpy-tBu)(CO)3]

1955, 1853

CH3CN

240

[Mn(L1)(CO)3]2

1974, 1930, 1872, 1847

CH3CN

[Mn(L2)(CO)3]2

1976, 1929, 1875, 1848

CH3CN

[Mn(L3)(CO)3]2

CH3CN

[Mn(bpy-tBu)(CO)3]2

1974, 1929, 1876, 1845
1975 (m), 1963 (w), 1936
(s), 1886 (m) and 1866
(m)
1989, 1980, 1936, 1889,
1866
1973, 1928, 1878, 1850

[Mn(pyrox)(CO)3]2
[Mn(pbt)(CO)3]2

[Mn(bpy)(CO)3Br]

[Mn(mesbpy)(CO)3]



[Mn(bpy)(CO)3]2
[Mn(bpy)(CO)3]2

This work

THF

234

THF

7

CH3CN

237

1967, 1929, 1881, 1855

CH3CN

238

1978, 1919, 1873, 1852

ATR

239

209

66

1990, 1952, 1986, 1862
1986, 1950, 1888, 1857

THF

[Mn(L1)(CO)3] ̶
[Mn(L2)(CO)3] ̶
[Mn(L3)(CO)3] ̶

1912, 1811 (br)

CH3CN

1911, 1810 (br)
1910, 1810 (br)

CH3CN

[Mn(bpy)(CO)3]−

1916 (s), 1814.5 (br)

THF

234

[Mn(mesbpy)(CO)3]−

1909, 1808

CH3CN

236

[Mn(bpy-tBu)(CO)3]−

1907, 1807

CH3CN

237

[Mn(pyrox)(CO)3]−

1911, 1806

CH3CN

238

[Mn(pbt)(CO)3]−

1901, 1807

ATR

239

[Re(bpy)(CO)3]−

1948, ~1846

CH3CN

147

[Re(bpy)(CO)3]2

147

This work

CH3CN

Table B6. Electrocatalytic performance of selected, previously reported Mn complexesa
Entry

Catalyst

Ecat/2 (V)
vs Fc+/0

icat/ip

20%
TFE/CH3CN

-1.47 V

5.7

15%
TFE/CH3CN

-1.95 V

Condition

TO
F
(s-1)

FEC

33.5

75

O

(%)

FEHCO
OH (%)

Referen
ce

This
Work

1
51

901.
4

83

-

2

5%
H2O/CH3CN

-1.71 V

10.9

N.R.

76

-

101

3

1 M TFE/
CH3CN

-1.92 Vb

N.R.

40c

>99

-

238

2 M TFE/
CH3CN

−2.03 V

~37

500
0d

4.8

71
98

4

5

6

2 M TFE/
CH3CN

-1.77 V

10.5 M
H2O/CH3CN

-1.43 V
(estimated
)
-2.05 V
(estimated
)

5%
H2O/DMF

-1.87 V

210

N.R.

180d

6.9

90

N.R.

N.R.

70.3

241

N.R.

N.R.

77.7

-

N.R.

N.R.

N.R.

N.R.

100

-2.25 V

N.R.

N.R.

~50

~40

7

5%
H2O/DMF

-2.63 V

N.R.

N.R.

~100

-

8

1.4 M
TFE/CH3CN

-2.0 V
(estimated
)

50

500
0

98 ±
6%

-

236

N.R.

1.4g

70

22

242

N.R.

N.R.

90

4

99

-

82 ±
2

88

-

CH3CN
9
2.7 M H2O/
CH3CN

-1.88 Vb
(estimated
)
-1.88 Vb
(estimated
)
-1.63 Ve

2.13 M
TFE/CH3CN

10

243
−2.36 Ve,f

694
±7

9.4e

100

-

a

N.R. = Not reported. bPotential was converted to Fc+/0 reference using values reported in reference 244. cTOFmax
determined by foot-of-the-wave analysis. dTOFmax determined at v = 10 V/s for high overpotential regime and at ν =
2 V/s for lower overpotential regime. eMeasured at ν = 0.5 V/s. fEcat value was reported instead of Ecat/2. gDetermined
from bulk electrolysis experiment.

Table B7. Photocatalytic performance of selected, previously reported Mn complexes
Entry

Catalyst

[Cat]

PS

[PS]

0.1
mmol
1

0.1
mmol
[Ru(bpy)3](PF6)2

0.1
µmol

0.1
mmol

211

Conditio
ns

CH3CN:
TEOA
(5:1), 50
mM BIH

Product
(TON)
CO
(121)
HCO2H
(23) H2
(6)
CO
(2340)
HCO2H
(4760)
H2 (680)

Refer
ence

This
work

1
µmol

CH3CN:
TEOA
(5:1),
0.1 M
BIH

CO
(1543)
H2 (58)

[Ru(bpy)3

0.05
mM

DMF:
TEOA
(4;1), 0.1
M
BNAH

HCO2H
(157)
CO (12)
H2 (8)

[Ru(dmb)3]

0.5
mM

DMF:
TEOA
(4:1), 0.1
M
BNAH

HCO2H
(130)
CO (9.1)
H2 (1.2)

245

Ir(ppy)3

0.2
mM

CH3CN,
0.05 M
TEA, 0.5
M H2O

HCO2H
(97)
CO (30)
H2 (16)

246

CH3CN,
0.05 M
TEA

HCO2H
(50)
CO (24)
H2 (5)

246

CH3CN:
TEOA

CO (55)

0.015
µmol

2

3

0.05
mM

4

0.1
mM

5

5 µM

]2+

2+

6

5 µM

Ir(ppy)3

0.2
mM

7

0.1
mM

[Ru(bpy)3]2+

1 mM

238

130

247

8

0.1
mM

9

0.1
µmol,
TiO2
10 mg

10

11

UiO-67-Mnbpy(CO)3Br

[Ru(bpy)3]2+

1 mM

CH3CN:
TEOA

HCO2H
(137)

1.48
µmol

DMF,
0.1 M
BIH

HCO2H
(143)

0.5
mM

[Ru(dmb)3]2+

0.5
mM

0.05
mM

covalently linked

-

212

DMF:TE
OA
(4:1), 0.2
M
BNAH
DMA:T
EOA
(4:1), 0.1
M BIH

HCO2H
(110)
CO (4.5)
H2 (1)
HCO2H
(98) CO
(29)

248

196

249

12

0.05
mM

13

0.05
mM

13

2 mM

covalently linked

Zinc Porphyrin

213

-

DMA:T
EOA
(4:1), 0.1
M BIH

HCO2H
(33) CO
(18)

0.25
mM

DMA:T
EOA
(4:1), 0.1
M BIH

CO
(1000)
HCO2H
(200)

250

0.5
mM

CH3CN:
H2O
(20:1),
TEA (0.1
M)

CO
(119)
HCO2H
(19)

251
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Figure C1: 1H NMR of the ligand 1 (500 MHz, DMSO-d6)

214

Figure C2: 13C NMR of the ligand 1 (126 MHz, DMSO-d6)

Figure C3: 1H NMR of the ligand 2 (500 MHz, DMSO-d6)
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Figure C4: 13C NMR of the ligand 2 (126 MHz, DMSO-d6)

Figure C5: 1H NMR of the ligand cis-Re2Cl2 (500 MHz, DMSO-d6)
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Figure C6: 13C NMR of the ligand cis-Re2Cl2 (126 MHz, DMF-d7)

Figure C7: 1H NMR of the ligand trans-Re2Cl2 (500 MHz, DMSO-d6)
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Figure C8: 13C NMR of the ligand trans-Re2Cl2 (126 MHz, DMF-d7)
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Figure C9. The seven possible isomers, maintaining the fac-tricarbonyl arrangement, that could be formed upon
metalation

219

Figure C10. 1H NMR spectrum (500 MHz, DMSO-d6) showing the aromatic region of the crude reaction mixture
following metalation of ligand 1 with two equivalents of Re(CO)5Cl.

Figure C11. Calculated infrared spectra showing the CO vibrational modes of A) cis 2, B) cis-Re2Cl2, and C) transRe2Cl2 as specified in Figure S1 in DMF using the COSMO solvation model.
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Figure C12. Calculated energy barrier to rotational interconversion between the asymmetric trans-Re2Cl2 and
symmetric cis conformers, cis-Re2Cl2 and cis 2 (as identified in Figure S1). Fully optimized with ωB97X-D functional
and LanL2TZ(f) (Re atoms), 6-311+G* (COs and coordinating Ns), and 6-311G* (all other atoms) basis sets.

Figure C13. A) Cyclic voltammograms at different scan rates with 2 mM Re(bpy)(CO) 3Cl in DMF/0.1 M Bu4NPF6
solutions under Ar, glassy carbon disc. B) Scan rate dependence: reductive peak current vs the square root of scan rate
(n1/2) for each reduction. The given line equation corresponds to the linear fit shown in black (first reduction), which
was used to calculate the diffusion coefficient, D = 5.40 x 10-6 cm2 s-1.
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Figure C14. A) Cyclic voltammograms at different scan rates with 2 mM anthryl-Re in DMF/0.1 M Bu4NPF6
solutions under Ar, glassy carbon disc. B) Scan rate dependence: reductive peak current vs the square root of scan rate
(n1/2) for each reduction. The given line equation corresponds to the linear fit shown in black (first reduction peak),
which was used to calculate the diffusion coefficient, D = 5.48 x 10-6 cm2 s-1.

Figure C15. A) Cyclic voltammograms at different scan rates with 1 mM cis-Re2Cl2 in DMF/0.1 M Bu4NPF6
solutions under Ar, glassy carbon disc. B) Scan rate dependence: reductive peak current vs the square root of scan rate
(n1/2). The given line equation corresponds to the linear fit shown in black for the second of the two-initial overlapping
1e– reductions.
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Figure C16. A) Cyclic voltammograms at different scan rates with 1 mM trans-Re2Cl2 in DMF/0.1 M Bu4NPF6
solutions under Ar, glassy carbon disc. B) Scan rate dependence: reductive peak current vs the square root of scan rate
(n1/2). The given line equation corresponds to the linear fit shown in black for the second of the two-initial overlapping
1e– reductions.

Figure C17. Cyclic voltammetry of cis-Re2Cl2 (black), free ligand 1 (green), and Re(bpy)(CO)3Cl (red) in DMF/0.1
M Bu4NPF6 solutions, glassy carbon disc, n = 100 mV/s.
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Figure C18. Cyclic voltammograms as a function of A) cis-Re2Cl2 catalyst concentration (from 0.2 to 1.5 mM), and
of B) CO2 substrate concentration (from 0 to 0.20 M) in DMF/0.1 M Bu 4NPF6 solutions, glassy carbon disc, n = 100
mV/s.

Figure C19. Cyclic voltammograms as a function of A) trans-Re2Cl2 catalyst concentration (from 0.2 to 1.5 mM),
and of B) CO2 substrate concentration (from 0 to 0.20 M) in DMF/0.1 M Bu 4NPF6 solutions, glassy carbon disc, n =
100 mV/s.
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Figure C20. From the cyclic voltammograms in Figure S12A, catalytic current is plotted versus [trans-Re2Cl2] (left
graph) and versus [trans-Re2Cl2]1/2 (right graph). Despite the satisfactory linear fits obtained from these plots, a slope
of 1 from the log-log plot of the data confirms a first order dependence on catalyst concentration as shown in Figure
6 of the main text.

Figure C21. Cyclic voltammograms of catalyst cis-Re2Cl2 with different proton sources in DMF/0.1 M Bu4NPF6
under Ar and CO2, glassy carbon disc, n = 100 mV/s. A) 2 M H2O, B) 1 M MeOH, C) 1 M TFE, and D) 1 M PhOH.
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Figure C22. Concentration dependence of added H2O as a proton source. A) Cyclic voltammograms of 1 mM cisRe2Cl2 with increasing amounts of H2O in DMF/0.1 M Bu4NPF6 under CO2, glassy carbon disc, n = 100 mV/s. B) A
plot of icat (at -2.17 V) vs [H2O].

Figure C23. Proposed mechanism for cis-Re2Cl2 at Eappl = -2.5 V vs Fc+/0 in DMF / 0.1 M Bu4NPF6.
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Figure C24. Reported catalytic cycles for the “one-electron” bimetallic (top) and “two-electron” monometallic
(bottom) pathways for CO2 reduction by Re(bpy)(CO)3Cl in DMF / 0.1 M Bu4NPF6 (protons originate from Hofmann
degradation of the supporting electrolyte). Adapted from references 2 and 3.
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Table D1. Photophysical properties of Re complexes in dichloromethane solution.

Complex

anthryl-Re

cis-Re2Cl2

trans-Re2Cl2
[(dphbpy)Re(CO)3Cl]216
Anthracene215,252

𝝀𝒂𝒃𝒔
𝒎𝒂𝒙 , 𝒏𝒎
(log )
252 (4.80)
296 (4.15)
366 (3.98)
258 (4.85)
296 (4.42)
380 (4.12)
258 (4.70)
296 (4.27)
376 (3.95)
384
340
355
375

𝝀𝒂𝒃𝒔
𝒎𝒂𝒙 , 𝒏𝒎
1 2

𝒉𝞏, 𝒄𝒎-𝟏
2

570

688
764

1440

592

700
776

1400

598

698
772

1370

630
375

228

670

0, (N2)
1, ns 2, s

TA max,
nm
(rel.
intensity)

420

6
23

430 (1)

210

15
65

440 (1)
520 (1)

200

15
90

440 (1)
490 (0.95)

---

56

---

---

---

6

3300

410, 440

Figure D1. Absorption and luminescence spectra of anthracene containing rhenium complexes (cis-Re2Cl2, transRe2Cl2, and anthryl-Re) in deoxygenated CH2Cl2 at room temperature.

Figure D2. Stern-Volmer quenching plots of tau(0) / tau versus the concentration of BIH in DMF solution for (A)
anthryl-Re (kq = 2.2 x 107 M-1s-1, average of quenching of both emission lifetime components) and (B) trans-Re2Cl2
(kq = 5.1 x 107 M-1s-1).
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Figure D4. Plots of absorbance at 370 nm as a function of concentration in DMF solution for A) Re(bpy)(CO) 3Cl and
B) anthryl-Re.
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APPENDIX E

Fig E1. 1H NMR spectrum of the ligand L1 (400 MHz, DMSO-d6)
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Fig E2. 1H NMR of mononuclear-Re (400 MHz, DMSO-d6)

Fig E3. 13C NMR of mononuclear-Re (100 MHz, DMSO-d6)

232

Fig E4. 1H NMR of L2 (400 MHz, DMSO-d6)

Fig E5. 1H NMR of iso-Re (400 MHz, DMSO-d6)
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APPENDIX F
Journal permission for Figure 2
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Journal permission for Figure 3
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Journal permission for Chapter 2

236

Journal permission for Chapter 3

237

238

Journal permission for Chapter 4
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Functionalized Rhenium Catalysts: A Comparison of Primary and Tertiary Amines. Manuscript in
preparation

Technical Skills
•
•
•

Multistep organic and organometallic synthesis, air-free synthesis using glovebox and Schlenk line
techniques, chemical vapor deposition techniques, solvothermal processes
Automated and semi-automated column chromatography (CombiFlash®, Biotage®, Size-exclusion)
Hands-on experience with different analytical/characterization techniques: Electrochemical and Spectroelectrochemical (SEC) analysis, Nuclear Magnetic Resonance (NMR) spectroscopy, Infrared (IR), UVVis, and Fluorescence spectroscopy, Liquid Chromatography (HPLC and LC-MS) and Gas
Chromatography (GC and GC-MS)
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Teaching and Mentorship
➢

Graduate teaching assistant
Department of Chemistry and Biochemistry, University of Mississippi
Chem 115: General Chemistry lab 1
Fall 2015, 2016, 2017
Chem 116: General Chemistry lab 2
Spring 2016
Chem 402: Advanced Inorganic Chemistry lab
Spring 2017

➢

Mentorship
Spring 2016 - Fall 2017: Ryan Higgins (Undergraduate student, University of Mississippi; Current
affiliation: Touro College of Medicine)
Summer 2017: Collene Chernowsky (REU student; Current affiliation: Graduate student at University of
Wisconsin Madison)
Fall 2017 - Summer 2019: Eva Amatya (Undergraduate student, University of Mississippi; Current
affiliation: Graduate student at University of Notre Dame)
Summer 2019: Cameron Trussell (REU student; Current affiliation: Undergraduate student at Millsaps
College)

Presentations
•

•

•

•

•

•

Sinha Roy, S.; Yang, W; Liyanage, N; Davis, S; Amatya, E; Delcamp, J.H; Jurss, J.W. Catalytic CO2
reduction by mononuclear and dinuclear Re(I) complexes linked to anthracene. Abstracts of Papers, 257th
ACS National Meeting, 2019, Orlando, FL
Sinha Roy, S.; Dulaney, H; Yang, W; Jurss, J.W. Synthesis of biphenyl-based tetradentate pyridyl Nheterocyclic carbene (NHC) ligands and their application for electrocatalytic CO 2 reduction. Abstracts of
Papers, 257th ACS National Meeting, 2019, Orlando, FL
Sinha Roy, S.; Amatya, E.; Talukdar, K; Davis, K; Delcamp, J.H; Jurss, J.W. Electrocatalytic and
photocatalytic CO2 reduction with substituted rhenium polypyridyl complexes. Feeding and Powering
the World 2019, NSF EPSCoR Annual Meeting, Oxford, MS
Talukdar, K.; Sinha Roy, S.; Amatya, E.; Jurss, J.W. Improving fac-Re(CO)3 catalysts by strategic second
sphere modifications for selective and efficient CO2 reduction. Feeding and Powering the World 2019,
NSF EPSCoR Annual Meeting, Oxford, MS
Devdass, A; Sahil, S.T; Sinha Roy, S; Talukdar, K; Jurss, J.W. Metal-based redox mediators designed
for dynamic self-assembly for interfacial charge separation. CEMOs 2019, NSF EPSCoR Annual
Meeting, Starkville, MS
Sinha Roy, S.; Yang, W; Pitts, W; Nelson, R; Fronczek, F; Jurss, J.W. Electrocatalytic CO2 reduction
with cis and trans conformers of a rigid dinuclear rhenium complex: Comparing the isolated
monometallic and cooperative bimetallic pathways. Abstracts of Papers, 255th ACS National Meeting,
2018, New Orleans, LA

Honors and Awards
•
•
•
•
•
•
•

Graduate Achievement Award; College of Liberal Arts; University of Mississippi (2021)
Graduate School Dissertation fellowship; University of Mississippi (Spring 2021)
Phi Kappa Phi Honor society; University of Mississippi (2019)
Graduate Student of the Year (Inorganic Chemistry); ACS Local Section, University of Mississippi
(2019)
Graduate school travel award to attend ACS national meetings (Spring 2018 and 2019)
CSIR-UGC NET; UGC Junior Research Fellowship (JRF)
Merit-cum-Means Scholarships, IIT Guwahati

242

Professional Affiliation
•
•

American Chemical Society
Phi Kappa Phi Honor society
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